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ABSTRACT: The histological dye Congo Red (CR)
previously has been shown to inhibit α-synuclein (aS)
fibrillation, but the mode of this inhibition remained unclear.
Because of favorable exchange kinetics, interaction between
CR and aS lends itself to a detailed nuclear magnetic resonance
study, and relaxation dispersion measurements yield the bound
fraction and time scales for the interaction of aS with CR. We
find that at pH 6, CR exists as a micelle, and at a CR:aS molar
ratio of ∼1, only a small fraction of aS (∼2%) is bound to
these micelles. Rapid exchange (kex ∼ 3000 s−1) between the
free and CR-bound states broadens and strongly attenuates resonances of aS by two processes: a magnetic field-dependent
contribution, caused by the chemical shift difference between the two states, and a nearly field-independent contribution caused
by slower tumbling of aS bound to the CR micelle. The salt dependence of the interaction suggests a predominantly electrostatic
mechanism for the 60 N-terminal residues, while the weaker interaction between residues 61−100 and CR is mostly
hydrophobic. Chemical shift and transferred NOE data indicate that aS becomes slightly more helical but remains largely
disordered when bound to CR. Results indicate that inhibition of fibril formation does not result from binding of CR to free aS
and, therefore, must result from interaction of aS fibrils or protofibrils with CR micelles.

C

formation of rapidly diffusing, small oligomeric species. These
authors also proposed that binding of intrinsically unstructured
proteins benefits from a large interaction surface that could
compensate for the entropic cost of binding. Both studies
examined the interaction between aS and CR by mapping the
decrease in NMR resonance intensity observed upon binding of
CR to the sequence of aS, but neither study reported on the
relation between the observed resonance attenuation and the
magnitude of the chemical shift change between aS in the
absence and presence of CR, necessary to quantitatively
evaluate the kinetics and equilibrium of the binding process.
Instead, regions in the aS amino acid sequence exhibiting the
largest NMR signal attenuation were interpreted as the sites
directly interacting with individual CR molecules. Lendel et al.
used a variety of additional biophysical techniques, including
isothermal titration calorimetry, to generate binding curves for
the aS−CR interaction.10 Their data could be well fitted to a
one-site model in which eight CR molecules bind with a
relatively tight apparent binding constant (Kd) of 0.4 μM to aS.
Although this result is compatible both with binding of aS to
large CR oligomers in a 1:8 molar stoichiometry and with
binding of eight individual CR molecules to a single aS protein,
forming a small oligomeric unit, results of NMR-based diffusion

ongo Red (CR) is a histological dye that is often used to
stain amyloid fibrils. While CR was long assumed to bind
specifically to β-sheet structures found in amyloids, it has been
demonstrated that it can in fact interact with any secondary
structure, and the strength of this interaction is mostly
determined by the particular side chains presented by the
protein.1 CR has been reported to inhibit certain dehydrogenases and kinases by mimicking nucleotides and coenzymes.2
However, more recently, the fact that CR also belongs to a class
of promiscuous inhibitors often picked up in high-throughput
screens has become recognized. The common feature of these
molecules is their propensity to self-aggregate and sequester
proteins on the surface of the aggregate.3,4 This inhibitory effect
can be removed by detergents that dissolve the colloidal
particles, suggesting they also act through a mechanism in
which the protein binds to CR aggregates.5 CR also has been
tested for inhibition of amyloid formation and was demonstrated to be effective when used at relatively high
concentrations.6,7 However, at very low concentrations, CR
can promote fibril formation in some proteins,8 raising further
questions regarding the therapeutic potential of this class of
inhibitors.
Two recent NMR studies showed the presence of a relatively
strong interaction between CR and monomeric aS, manifesting
itself in dramatic attenuation of the NMR resonances in the Nterminal half of the protein.9,10 Details of the mechanism
underlying this broadening remained unclear, but Lendel et
al.10 concluded that binding at pH 7.4 proceeds through
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CR were prepared in NMR buffer [20 mM phosphate (pH 6)],
with the pH readjusted to 6 if necessary. The stock solutions
were unstable at room temperature, forming a thick nontransparent precipitate over time. When the NMR samples
were prepared, the appropriate CR stock solution was heated
and thoroughly vortexed and added to an aS solution to the
desired concentration. The presence of CR precipitate particles
could easily be detected from a cloudy appearance of the
sample. To ensure complete dissolution, the NMR sample was
warmed to 37 °C for 5 min. The resulting solution was then
perfectly transparent.
NMR Spectroscopy. All experiments were performed at 15
°C in 20 mM phosphate buffer (pH 6) unless stated otherwise.
To gain a more quantitative understanding of the kinetics of the
binding process, we conducted relaxation dispersion experiments using a pulse sequence that measures the chemical
exchange contribution for the TROSY component of the 15N
magnetization, thereby maximizing its fractional impact.23 Offresonance and pulse imperfection effects were minimized by
using the four-pulse phase scheme of ref 24. CPMG
experiments were performed with a fixed relaxation time but
a changing number of pulses to achieve different effective
fields.25 Experiments were conducted at 500 and 900 MHz,
with relaxation times of 100 and 50 ms, respectively, to
compensate for the faster relaxation at 900 MHz. In each
experiment, seven two-dimensional spectra were acquired in an
interleaved manner, corresponding to a reference data set (no
relaxation period), and spectra in which the evolution of 15N
was preceded by a relaxation period during which effective
CPMG fields of 80, 160, 240, 400, 640, and 960 Hz were used.
Dynamic Light Scattering. DLS experiments were
performed on a Malvern Zetasizer Nano instrument at 15 °C.
Sample conditions were 200 μM aS and 200 μM CR in either
20 mM phosphate (pH 6) or 100 mM Tris (pH 7.4). Results
were analyzed using the instrument’s Malvern software.
SAXS Data Collection and Analysis. Solution X-ray
scattering data were acquired at beamline 12-IDC at the
Advanced Photon Source (Argonne National Laboratory,
Argonne, IL). Data were collected using a mosaic Gold CCD
detector positioned 3.7 m from the 1 mm diameter capillary
containing the samples, using 18 keV incident radiation. The q
axis was calibrated using a silver behenate sample. A total of 20
sequential data frames with 1.0 s exposure times were recorded
with the samples kept at 25 °C. To prevent radiation damage,
125 μL samples were slowly pulled during data collection using
a flow-through setup. Individual data frames were masked,
corrected for the detector sensitivity and solid angle for each
pixel, radially integrated, and normalized by the corresponding
incident beam intensities. The final one-dimensional scattering
profiles and their uncertainties were calculated as means and
standard deviations over the 20 individual frames. The buffer
data were then subtracted from the sample data. Finally, the
scattering data for aS were subtracted from the data for both aS
and CR using a scaling factor of 0.97. To evaluate the
magnitude of a possible structure factor, data for aS and data for
both aS and CR were collected at concentrations of 230, 58, 46,
and 29 μM. The final subtracted data at all these concentrations
proved to be indistinguishable when q ≥ 0.013 A−1. Here, q is
defined as 4π sin(θ)/λ, where 2θ is the scattering angle and λ is
the incident radiation wavelength.
The final subtracted data collected for 230 μM samples were
fitted in the q range between 0.013 and 0.040 Å−1 by a function
representing the sum of the scattering contributions from a

experiments led the authors to conclude that this latter case
applies for the CR−aS interaction.10
There are remarkable similarities between observations made
for binding of aS to CR and to phospholipids. High CR:protein
ratios protect against fibril formation,7,5,11 whereas low ratios
for some proteins can induce the loss of tertiary structure and
concomitant formation of fibrils or amorphous aggregates.8,10
Analogously, high phospholipid:aS stoichiometries can protect
against fibril formation, whereas low ratios can promote this
process.12−17 A second striking similarity for the interaction
between aS and phospholipids versus CR relates to the impact
of such binding on the intensities of NMR resonances in
1
H−15N heteronuclear single-quantum correlation (HSQC)
spectra, where intensities of the first 100 residues are greatly
attenuated upon binding to either lipid vesicles or CR.9,10,18,19
Although at first sight the patterns of NMR intensity
attenuation upon binding of aS to phospholipids and CR
appear to be very similar, there is a subtle but fundamental
difference, too. When interacting with CR, aS amide groups
show small changes in chemical shifts and substantial resonance
broadening, whereas binding to phospholipid vesicles results in
resonance attenuation without concomitant shifts in the
remaining peaks, and only a very slight amount of line
broadening compared to that for the lipid-free protein. The
attenuation of resonances in the absence of significant line
broadening or shifting was attributed to slow exchange between
free, dynamically disordered aS and an NMR-invisible “dark
state”.19 Similar dark state behavior has been reported for a
number of proteins, many but not all of them in an intrinsically
disordered state, capable of fibril formation.20−22 Considering
the intriguing similarities between observations when aS
interacts with small unilamellar phospholipid vesicles versus
CR, but the more favorable properties of CR versus those of
phospholipids (including the relatively high concentration of
∼5 μM below which CR has been reported not to form
aggregates2), we here explore a more detailed characterization
of the aS−CR interaction, including the kinetics and
stoichiometry of binding, the conformation of aS when
bound to CR, the size of the complexes formed, and the
exchange of magnetization between CR and aS. Our results,
obtained at pH 6, paint a picture that is somewhat different
from that gleaned from prior studies at higher pH values and
indicate that under equi-stoichiometric conditions only a small
fraction of aS is bound to CR, and the CR-bound form
corresponds to relatively large aggregates, as confirmed by
dynamic light scattering (DLS) and small-angle X-ray scattering
(SAXS) measurements.

■

EXPERIMENTAL PROCEDURES
Sample Preparation. Human wild-type aS was expressed
and purified as described previously.19 Protein was produced
with three labeling patterns. Perdeuterated 15N-labeled protein
was produced by growing bacteria in D2O-based M9 medium
with 1 g/L 15NH4Cl, 2 g/L deuterated [12C]glucose, and 1 g/L
2
H, 15N Isogro (Sigma-Aldrich, St. Louis, MO) . Triply labeled
aS was produced in the same way but using deuterated
[13C]glucose and 2H, 13C, 15N Isogro. The fully protonated,
15
N-labeled form was produced by culturing bacteria in H2Obased M9 medium containing 1 g/L 15NH4Cl and supplemented with a MEM vitamin solution (Invitrogen).
Congo Red was purchased from Sigma-Aldrich and used
without additional purification. Stock solutions of 2 and 20 mM
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population of uniformly filled spheres of two sizes. In addition
to the radii of the two spheres and the ratio of their
populations, a constant offset and the buffer rescaling factor
were allowed to vary, as used previously,26 with the scattering
intensity from a sphere calculated as

⎡ sin(qR ) − qr cos(qR ) ⎤2
⎥
I(q) ∼ V 3
⎢⎣
⎥⎦
q3R3
2⎢

where V is the volume of the sphere and R its radius.

■

RESULTS
Aggregation of Congo Red. Although there is consensus
about the fact that CR can aggregate and form ribbonlike
micelles, experimental studies reached rather divergent
conclusions about the size of these aggregates and the critical
micelle concentration (cmc). Early studies, conducted at pH 6
and 30 and 40 °C, showed that CR aggregation varies with
ionic strength and temperature, with a higher temperature
decreasing the extent of micelle formation and salt having the
opposite effect, and suggested a cmc at 30 °C as high as 300
μM.27 Experiments in low-salt, pH 7.5 buffer at 25 °C revealed
spectroscopic signs of aggregation at a much lower CR
concentration of 5 μM.2 DLS measurements on a 2 mM CR
solution (pH 8.6, 100 mM NaCl, 25 °C) suggested small size
oligomers with a 1.4 nm radius,28 whereas 2 mM CR solutions
at pH 6 quickly turned opaque and yielded a precipitate. A 200
μM solution of CR in pH 6 buffer remains stable at room
temperature, yet at 4 °C, some CR precipitation is observed
overnight. This indicates that at lower pH values and
temperatures the size of CR aggregates increases to form
visually observable, light scattering complexes, with sizes on the
order of hundreds of nanometers.
Remarkably, we find that a 200 μM solution of CR (pH 6) in
the presence of 200 μM α-synuclein does not yield a precipitate
even over a period of months at 4 °C. This supports the
presence of previously described interactions between aS and
CR.9,10 Like apolipoproteins, aS contains 11-residue repeats
that carry the signature of an amphipathic helix,29 and our data
suggest that aS also has detergent-like properties. However, the
CR solubilizing ability of aS is found to be insufficiently strong
to dissolve preformed CR precipitate in a reasonable amount of
time.
NMR spectra recorded by us on CR solutions at pH 6 in
50% 2-propanol show monomeric CR behavior at 0.5 μM, but
evidence of rapid exchange with an oligomeric form at a
concentration as low as 2 μM (Figure S1 of the Supporting
Information). In the absence of 2-propanol, the 1H NMR
resonances of CR remain extremely broad even at 0.5 μM, over
the entire pH range of 6−8.6, indicating the cmc falls below 0.5
μM over that pH range (Figure S1 of the Supporting
Information), even though the extent of formation of very
large, precipitating aggregates is reduced at the higher pH.
Impact of CR on the NMR Spectrum of α-Synuclein. By
using perdeuterated aS, which yields superior resolution in its
heteronuclear single-quantum correlation (HSQC) NMR
spectra, lacking the 3JHNHα couplings and yielding narrower
line widths, very highly resolved spectra could be obtained in
the absence of CR. This allows nearly every resonance to be
uniquely resolved at a spectrometer frequency of 800 MHz
(Figure 1A). The high spectral resolution that can be obtained
for such [2H,15N]aS makes it possible to follow the effect of CR

Figure 1. Impact of the presence of Congo Red on the 1H−15N
TROSY-HSQC spectrum of aS. (A) Overlay of a small expanded
region of the TROSY-HSQC spectra of the free aS sample (black) and
a sample with 200 μM aS and 160 μM CR (red). Spectra were
recorded at 800 MHz with a 750 ms acquisition time in each
dimension. Small shifts and broadening of peaks in the presence of CR
are observed for residues 1−60 (region I). (B) Ratios of aS TROSYHSQC peak heights in the presence of different concentrations of CR
compared to free aS. Spectra were recorded at a 500 MHz frequency
with a 170 ms acquisition time in both dimensions and apodized with
a cosine bell window function in both dimensions. The following
CR:aS molar ratios are presented: 1:4 (□), 1:2 (▲), 2:1 (○), and 8:1
(■). Error bars are smaller than the symbols. At high CR
concentrations, most N-terminal peaks are broadened beyond
detection.

binding in great detail. Upon addition of 160 μM CR to a 200
μM aS solution, line broadening and small chemical shift
changes are observed for the backbone amides of the 60 Nterminal residues. When the CR concentration is increased in a
stepwise fashion, these residues are further attenuated until they
fall below the detection threshold (Figure 1B). Upon dilution
of an equi-stoichiometric aS/CR solution, the N-terminal
residues regain intensity when the concentration is reduced to
∼2 μM (Figure S2 of the Supporting Information), analogous
to prior observations,9,10 and remarkably similar to what was
seen for aS in the presence of very low concentrations of small
unilamellar vesicles composed of a mixture of lipids.19
The resonance intensity attenuation profile (Figure 1B) can
be subdivided into the following regions of similar behavior: (I)
N-terminal residues V3−H50, a transition region (I−II)
encompassing residues G51−V63, (II) the “center” region,
including residues T64−K97, and (III) the C-terminal region,
residues D98−A140. The latter can be subdivided into (IIIA)
D98−P120, which show some attenuation at higher CR:aS
633
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significant chemical shift changes, indicates that these chemical
changes are not directly correlated with the exchange process
observed for region I. At higher CR concentrations, where
attenuation in resonance intensity becomes significant for
residues in region II, changes in resonance position are
observed for this region, too (Figure S3 of the Supporting
Information), indicating that it also becomes involved in CR
binding.
Impact of Ionic Strength on the CR−aS Interaction.
The mode of interaction between CR and proteins remains the
subject of considerable debate. Although there is a substantial
amount of evidence of electrostatic interaction,1,30−32 other
reports suggest that specific or hydrophobic interactions are
involved.33−35 The fact that CR molecules carry two negatively
charged sulfonate groups, together with the NMR observation
that the positively charged N-terminal region of aS is most
affected by the presence of CR, indeed suggests that the
interaction of the N-terminus includes a significant electrostatic
component.
Attenuation of the intensity and changes in resonance
position of the backbone amide 1H−15N correlations provide
site-specific probes for monitoring the impact of salt on the
CR−aS interaction. A stepwise increase in ionic strength shows
a pronounced impact on the attenuation profile observed in the
NMR spectra (Figure 3). At 200 mM NaCl, no measurable
shifting of HSQC peak positions or significant attenuation of
resonance intensities is observed anymore when small amounts

ratios, and (IIIB) D121−A140, whose intensities remain
virtually unaffected.
When the change in chemical shift as a function of residue is
monitored, on average small upfield changes are observed for
residues in region I, for both 15N and 1HN, whereas residues in
C-terminal region IIIB show mostly small downfield chemical
shift changes upon addition of an approximately equimolar
fraction of CR to the aS sample (Figure 2). Remarkably,

Figure 2. Chemical shift changes, Δδ, relative to free aS induced at a
0.8:1 CR:aS ratio, as measured at a 800 MHz 1H frequency and 200
μM aS. 15N (A) and 1H (B) chemical shift changes are shown. (C)
Attenuation of peak intensities vs the weighted chemical shift change
for residues 3−70, as compared to a sample of free protein. Spectra
were recorded with a 750 ms acquisition time in each dimension and
apodized with a 45°-shifted sine bell window function in each
dimension. The 1H chemical shift change is scaled by 1/2 to account
for the ∼2-fold larger line width in the 1H dimension than in the 15N
dimension for the free protein. Where not shown, error bars are
smaller than the symbols.
Figure 3. Attenuation of TROSY-HSQC 1H−15N correlation
intensities, I/Io, as a function of residue number for two different
CR:aS stoichiometries, (A) 0.8:1 and (B) 4:1, using 200 μM aS.
Attenuation ratios with respect to samples of free aS are reported for
three different ionic strength conditions: standard NMR buffer (20
mM phosphate) (●), additional 100 mM NaCl (□), and additional
200 mM NaCl (▲). Spectra were recorded at a 500 MHz frequency
with a 170 ms acquisition time in both dimensions and apodized with
a cosine bell window function in both dimensions. Intensity
uncertainties resulting from random errors are smaller than the
symbols.

resonance positions of residues in region II remain virtually
unaffected by the equi-stoichiometric presence of CR, and
resonance attenuation of these residues, as well as of the Cterminal residues, is minimal. A plot of the intensity attenuation
caused by the addition of CR for region I versus the small
frequency differences seen in the HSQC spectrum, [(Δδ15N)2
+ (Δδ1H/2)2]1/2, shows the attenuation is strongly correlated
with the chemical shift change (Figure 2C) and therefore can
be attributed to a chemical exchange process. The observation
that no significant attenuation is seen for region III, despite
634
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of CR are added to the sample (Figure 3A), confirming the
importance of the electrostatic contribution to the CR−aS
interaction for region I. At a higher CR:aS ratio of 4, the Nterminal residues remain fully attenuated, even when the salt
concentration is increased. Interestingly, however, region II
undergoes a slight increase in its level of attenuation with
increasing ionic strength (Figure 3B). This region includes the
highly hydrophobic stretch of residues, V66−A78. Remarkably,
at 200 mM NaCl, C-terminal segment IIIA, D98−P120, which
carries numerous negatively charged residues, in addition to a
substantial number of hydrophobic amino acids, is also
attenuated considerably. These observations indicate that for
the T64−P120 region, electrostatic repulsion between aS and
CR is mitigated by the increase in ionic strength, and that the
interaction is hydrophobically driven. In addition, weakening of
the electrostatic interaction between the 60 N-terminal residues
of aS and CR at elevated ionic strengths allows the V66−P120
region to compete more effectively with the N-terminal region
for the small amount of CR surface area available per aS
molecule at the low CR:aS stoichiometric ratios (0.8−4.0) used
in our study.
Kinetics of CR−aS Binding. The finding that the
attenuation in resonance intensity, seen in Figure 1, correlates
with changes in chemical shift, Δω, points to a fast exchange
mechanism between CR-free and CR-bound states of aS. In the
limit of fast exchange, where kex ≫ Δω, the expected line
broadening contribution to R2 for two-state exchange between
states A and B is given by36

R ex = pA pB (Δω)2 /kex

Figure 4. Plot of 15N transverse relaxation rates vs the square of the
15
N chemical shift difference between the CR-containing sample (200
μM aS and 260 μM CR) and CR-free aS. R2 values were measured
using a Carr−Purcell−Meiboom−Gill pulse train of 180° pulses,
spaced by 6.25 ms (corresponding to an 80 Hz effective field), as
described by Mulder et al.25 Measurements were taken at 500 MHz
(●) and 900 MHz (○) 1H frequencies. Solid lines represent linear fits
of the data. Notice that resonances of residues V16 and A17
experience the largest chemical shift change and fall in the
intermediate exchange limit at 900 MHz. The horizontal dotted line
corresponds to the average R2 for the C-terminal residues that are not
involved in the interaction with CR.

Characteristic relaxation dispersion decay curves (Figure 5)
for residues located in region I can be fitted with equations
presented by Millet et al.37,38 and yield for each amide its kex,
Δω, pB, and the relaxation rate in the bound state, R2,B. As

(1)

where kex equals the sum of the forward and backward rate
constants, kA→B + kB→A, and the population of site A is given by
pA = kB→A/kex and pB = 1 − pA. Indeed, when the transverse 15N
relaxation rate, R2, for the first 60 residues is plotted versus the
square of the 15N chemical shift change, (Δω)2, a nearly linear
correlation is observed for data recorded at a 500 MHz 1H
frequency (Figure 4). Transverse relaxation rates were also
measured at a 900 MHz 1H frequency and again steeply
increase with larger Δω values. However, at a magnetic field
that is this strong, the kex ≫ Δω condition is met only for
residues with relatively small Δω values between the free and
bound states, and residues exhibiting the largest chemical shift
differences, such as V16 and A17, then shift to the intermediate
exchange regime (Figure 4).
In the limit where Δω = 0, R2 is given by the weighted
average of the transverse relaxation rates in the free (A) and
bound (B) states:

R2 = pA R2,A + pB R2,B

Figure 5. Characteristic relaxation dispersion curves, measured at a
CR:aS ratio of 1.3:1, at 500 MHz (circles) and 900 MHz (squares).
Curves are shown for E20 (filled symbols) and V26 (empty symbols).

expected for the case in which all amides in region I are part of
the same binding process, kex and pB values fitted for the
individual amides that show significant relaxation dispersion
cluster in a narrow range. Indeed, a more robust fit that forces
all residues to be fitted with the same kex and pB values yields
the following: kex = 2900 ± 300 s−1, pB = 0.021 ± 0.009, and
R2,B500 MHz = 111 ± 24 s−1 (close to the average values obtained
in the individual fits). As these numbers indicate, only a small
fraction (∼2%) of aS is bound to CR at any given time.
However, the exchange kinetics are such that the region I
amides have strongly attenuated intensities in the NMR HSQC
spectrum.
As described above, binding of aS to CR is very tight under
our buffer and temperature conditions, yet only 2% of aS is
found to be bound to CR for concentrations of aS and CR of
∼200 μM. The implication, therefore, is that under these
conditions binding is saturated, and the number of “binding

(2)

The intercept with the y axis in Figure 4 shows a value of ∼5
Hz, well above the rates, R2,A, of ∼2 Hz, measured for the free
protein (horizontal dotted line in Figure 4). This points to a
significant and approximately uniform contribution from
pB(R2,B − R2,A) in eq 2, indicative of faster transverse relaxation,
i.e., slower tumbling, in the CR-bound state.
To gain a more quantitative understanding of the kinetics of
the binding process we conducted relaxation dispersion
experiments. These experiments measure the decay of magnetization during a fixed amount of time (100 ms at 500 MHz and
50 ms at 900 MHz) as a function of the number of 180° pulses
applied during this period.
635
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CR. For region I, the measurements are taken at a CR:aS ratio
of 1, whereas the remainder of the protein is probed at a CR:aS
ratio of 4.
For β-sheet conformations, the expected sequential to
intraresidue Hα−HN distance ratio equals 0.75, versus 1.25 for
the α-helix. This corresponds to expected intraresidue to
sequential NOE buildup rate ratios of ∼1:6 for β-sheet and 4:1
for α-helix. Although measurement of dαN(i,i)/dαN(i−1,i) NOE
ratios for intrinsically unstructured proteins is frustrated by
poor resonance dispersion in both the HN and Hα regions, a
substantial set of such intensities could be measured by using
three-dimensional (3D) 15N-dispersed NOESY spectra with
relatively long sampling times in all three dimensions (Figure
S5 of the Supporting Information). Experimentally, we find that
for regions in aS not affected by CR binding, both intraresidue
and sequential NOE buildup rates are small (Figure 6A), ∼0.17
± 0.06 and ∼0.7 ± 0.3 s−1, respectively, yielding an average
dαN(i,i)/dαN(i−1,i) NOE ratio of 0.28 ± 0.11 (Figure 6B),
typical for an intrinsically unstructured protein. In the presence
of CR in a 1:1 molar ratio, dαN(i−1,i) rates increase
approximately 2.3-fold, whereas dαN(i,i) NOE buildup rates
for region I are ∼3-fold faster, with an approximately 25%
increase in their ratio compared to that of residues unaffected
by CR binding (Figure 6B,C). This corresponds to a dαN(i,i)/
dαN(i−1,i) ratio of ≈0.4 in the CR-bound state. The finding that
the TrNOE intensities, reflecting the bound state, are
compatible with neither helix nor sheet conformation points
to either a dynamically disordered state for aS when it is bound
to the CR micelles or a static conformation in which the
sequential Hα−HN distance is slightly shorter than the
intraresidue Hα−HN distance, such as found, for example, in a
polyproline helix conformation. However, the latter is
inconsistent with a substantial increase in the sequential HN−
HN NOE intensity upon CR binding (vide infra), leading us to
conclude that the bound state must sample a distribution of
conformations.
The relaxation dispersion measurements reported above
indicate a bound fraction for region I of ∼2% for the CR:aS
ratio of 1.3, or ∼1.6% at the CR:aS ratio of 1.0 used for the
TrNOE experiments. The experimentally observed increase in
dαN(i,i) NOE buildup rate from ∼0.2 to ∼0.5 s−1 in region I
therefore corresponds to an ∼60-fold larger increase in NOE
buildup rate for the CR-bound state, i.e., a buildup rate of ∼18
s−1. If the positive ϕ region, which is energetically unfavorable
for most residues, is excluded, the intraresidue HN−Hα
distances span a relatively narrow range from ∼2.7 to 3.0 Å.
Assuming an average distance of 2.8 Å, the experimentally
observed dαN(i,i) NOE buildup rate in the bound state then
corresponds to a rotational correlation time of ∼180 ns.
Measurements of TrNOE on a protonated sample with a
CR:aS ratio of 4 confirm that region II becomes involved in
binding at these higher CR concentrations. Indeed, the NOE
buildup rate of region II at a CR:aS ratio of 4 increases to values
similar to those observed for region I at a CR:aS ratio of 1
(Figure 6A). A slight increase in the dαN(i,i)/dαN(i−1,i) ratio is
also observed for region II (Figure 6B,C) and is most
pronounced for residues 89−98 (this region also showed a
chemical exchange contribution to the 15N transverse relaxation
rates, vide supra).
A perdeuterated aS sample permitted us to record very highly
resolved 3D 15N−15N−1H NOESY spectra (Figure 7A),
yielding sequential dNN(i,i+1) cross-peaks for the vast majority
of residues, and observable dNN(i,i+2) and dNN(i,i+3) NOE

sites” for aS on the CR micelles can accommodate only 2% of
the total protein.
At the higher CR:aS ratio of 4, region I is attenuated beyond
detection, but relaxation properties of resonances for region II,
which are attenuated by ∼50%, yield some insights into its
interaction with CR. Importantly, the difference in the 15N R2
relaxation rates measured at 500 and 800 MHz was much
smaller than would be expected if the broadening were
dominated by chemical exchange, in particular for residues
65−88 (Figure S4A of the Supporting Information).
Two sets of residues in region II show substantial chemical
exchange contributions to their amide 15N R2 rates: 60−64 and
89−97. These residues exhibit a faster transverse relaxation rate
at higher magnetic fields, as well as the largest downfield
nitrogen chemical shift differences compared to free aS (Figure
S4 of the Supporting Information). However, the exchange is
too fast to be suppressed with a 1 kHz CPMG field. This then
makes it difficult to determine the rate of the exchange process
and to pin down accurately the population of the bound
fraction for region II. Our finding that the R2 rate observed for
most of region II at a 4:1 CR:aS ratio is comparable to the y
intercept [Δδ15N = 0 (Figure 4)] of region I at a 1.3:1 CR:aS
ratio suggests that the bound populations for these two cases
are similar, i.e., ∼2%. At the same time, the bound population
for region I is expected to nearly triple at this 3-fold higher
CR:aS ratio, but with the NMR intensity of the region I amides
below the detection threshold, it cannot be quantified from the
NMR data. Together, these considerations suggest that region
II is binding as an extension to the interaction of region I, with
region II binding to CR micelles for approximately one-third of
the proteins that are already anchored through region I.
Samples at CR:aS ratios of ≥4 are not indefinitely stable and
start becoming opaque after ∼24 h, indicative of the formation
of larger particles. This observation indicates that at these
higher stoichiometries, aS is unable to completely inhibit the
formation of larger CR aggregates.
Structure of aS in the CR-Bound State from Transferred NOE. Transferred NOE (TrNOE) measurements
provide a convenient site-specific method for probing the
secondary structure of aS in the CR-bound state.39,40 Previous
TrNOE measurements investigating the structure of aS when
bound to phospholipids yielded relatively strong sequential
HN−HN [dNN(i,i+1)] NOE connectivities for the 100 Nterminal residues of the protein, with considerable spin
diffusion [dNN(i,i+n); n ≤ 6] to adjacent amide groups.19
Because of the slow exchange kinetics observed for that system,
short mixing times could not be used to eliminate indirect spin
diffusion effects.41 A second problem with quantitative
interpretation of the dNN connectivities on perdeuterated aS
is that one cannot distinguish whether this NOE pattern,
compatible with an α-helical conformation, is unique or
whether the TrNOE pattern could represent only a subset of
the conformations sampled by the protein in its lipid-bound
state. For our study of the aS−CR interaction, the situation is
more favorable, as the exchange between the free and CRbound states is fast compared to the NOE buildup rate,
permitting more quantitative analysis. Also, the ratio of
sequential Hα−HN [dαN(i,i+1)] and intraresidue dαN(i+1,i+1)
intensities in protonated proteins provides an excellent measure
of the ψ angle of residue i and can be used to probe the
presence or absence of helical and extended backbone
conformations.42 Here, we use a combination of both types
of TrNOE data to probe the aS backbone when it is bound to
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Figure 6. Effect of Congo Red on (A) intraresidue Hα−HN NOE
buildup rate and (B) the ratio of intraresidue to inter-residue (from Hα
of the preceding residue) Hα−HN NOE (600 MHz, 200 μM aS). Data
shown were collected from three samples: free aS (black circles), 1:1
CR:aS (red squares), and 4:1 CR:aS (green triangles). Gly residues are
shown in panel A only (empty symbols). For Gly residues, the rates
were divided by 2, to correct for the presence of two Hα atoms. (C)
Change in intra- to inter-residue NOE ratios induced at CR:aS ratios
of 1:1 (red squares) and 4:1 (green triangles), as compared to free aS.
Increased σ(Hαi−HNi) cross-relaxation rates in the presence of CR for
the nearly invariant intraresidue Hαi−HNi distance correspond to an
increased J(0) spectral density, i.e., slower tumbling. Increased σ(Hαi−
HNi)/σ(Hαi−1−HNi) ratios (B and C) correspond to a decreased
population of extended (ψ ≈ 120°) backbone conformations upon CR
binding. Experimental uncertainties in the ratios are at most ∼0.03 for
attenuated residues and are listed in Table S6 of the Supporting
Information.

Figure 7. NOEs between backbone amide hydrogens, as measured in a
600 MHz three-dimensional (3D) NNH NOESY-HMQC experiment
(200 μM aS, 200 μM CR, and 250 ms NOE mixing time). (A) Small
region of the projection of the 3D spectrum on the 15N−15N plane,
with dashed lines tracking a set of sequential residues. (B) Cross-peak
to diagonal peak ratios of sequential i to i + 1 NOEs. (C) Cross-peak
to diagonal peak ratios of medium-range NOEs: i to i + 2 (●) and i to
i + 3 (□).

cross-peaks for a significant fraction of residues in region I
(Figure 7B,C). For a CR:aS ratio of 1, regions II and III exhibit
dNN(i,i+1) NOE cross-peak to diagonal peak intensity ratios of
0.03 ± 0.01, corresponding to buildup rates of ∼0.1 s−1, equal
to what is seen for the free protein at 15 °C, and therefore
confirming the absence of binding, despite small changes in
chemical shifts relative to those of the free protein (Figure S3 of
the Supporting Information). For region I, a cross-peak to
diagonal peak ratio of 0.09 ± 0.03 is observed, corresponding to
a sequential dNN(i,i+1) buildup rate of ∼12 s−1 for the 1.6%populated CR-bound state. This increase in the sequential HN−
HN cross-relaxation rate is only ∼30% lower than that observed

for the intraresidue HN−Hα interaction and is equally
compatible with uniform, 2.9 Å sequential HN−HN distances,
or with a 50:50 population where this distance equals 2.7 Å in
half the conformers and 3.5 Å in the other half, for example. On
their own, these NOEs therefore do not allow us to determine
the structure of the bound state, but the strong dNN NOE
connectivities in the bound state exclude the possibility of a
static polyproline II helix conformation. Interestingly, residues
6−22 show somewhat higher than average dNN(i,i+1) NOE
buildup rates and in addition show weak dNN(i,i+2) and dNN(i,i
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more than 3-fold smaller than typical α-helical Δδ13Cα values,
even more so for residues 29−60. The very small values
observed for Δδ13Cα strongly point to conformational averaging
in the CR-bound state, with an only very modest increase in the
population of α-helical backbone ϕ and ψ angles compared to
what applies for disordered random coil conformations.
Changes in Δδ13Cα for region I correlate quite well with
changes in the dαN(i,i)/dαN(i−1,i) ratio (Figure S7 of the
Supporting Information), confirming that the 13Cα chemical
shift changes in this region correlate with a change in the
backbone ψ angles.
Δδ13Cα values seen for the C-terminal region III of aS are
among the largest in the protein (Figure 8), but even after
dividing by the fraction (∼1.6%) of proteins interacting with
CR micelles, we find the Δδ13Cα values remain small. Even
though these data point to a perturbation of the average ϕ and
ψ angles sampled by this segment of the protein, it clearly
remains highly dynamic considering the absence of significant
TrNOE effects noted above (Figure 7).
When the CR:aS molar ratio is increased to 4, many of the
NMR characteristics of region II become similar to those of
region I at a CR:aS ratio of 1, including the intraresidue
1 N 1 α
H − H buildup rates noted above (Figure 6A), the 15N R2
rate (extrapolated to zero exchange contribution), and the
increase in TrNOE rate, as well as the magnetization transfer
from CR to aS, as probed by the Water-LOGSY experiment
(vide infra). This therefore suggests a CR-bound fraction of
∼2% for region II at a CR:aS ratio of 4. We observe Δδ13Cα
values of ∼0.025 ppm for most of the NAC region (residues
61−95) of the protein under these conditions, but values as
high as 0.09 ppm for residues I88 and A89 (Figure 8). If these
Δδ13Cα secondary shifts are entirely attributed to the 2% bound
state, secondary shifts in the CR-bound state are ∼50-fold
larger and therefore indicative of a high population of α-helical
backbone ϕ and ψ angles, even while not rigidly anchored to
the CR micelle. I88 and A89 also show the strongest increase in
dαN(i+1,i+1)/dαN(i,i+1) ratio upon CR binding in the entire
protein (Figure 6C).
NOE Transfer from CR Micelles to aS by Water-LOGSY.
The CR micelle−aS assembly tumbles slowly in an isotropic
solution. Considerable intermolecular magnetization transfer
therefore is expected for proximate protons. Probing of such
magnetization transfer is complicated by the very broad 1H line
shape of the CR (Figure S1 of the Supporting Information),
whose aromatic resonances overlap with the aS backbone HN
resonances. This spectral property makes it difficult to probe
intermolecular contacts by standard saturation transfer difference (STD) NMR experiments.47 However, a convenient
alternative way to saturate the CR resonance takes advantage of
the fast hydrogen exchange of its two amino groups. Saturation
of the water resonance with a weak radiofrequency field (γB1 =
13 Hz) does not directly affect the aS amide resonances but
saturates all CR 1H nuclei by efficient spin diffusion from its
saturated, rapidly exchanging amine groups. Magnetization
exchange between CR and the backbone amide protons of
perdeuterated, amide-protonated aS then manifests itself as
attenuation of the amide 1H−15N HSQC intensities. This
experiment is effectively equivalent to the Water-LOGSY
experiment,48,49 widely used to probe intermolecular interactions between large proteins and weakly binding ligands, but
in this case, aS takes the position of the ligand and the CR
micelle functions like the macromolecule in the regular WaterLOGSY experiment.

+3) cross-peaks (Figure 7), which have intensities higher than
those expected on the basis of spin diffusion, suggesting
transient population of helical structure for this region of the
protein. Interestingly, this region also has been implicated as
the key to folding nucleation upon lipid binding.43 On the
other hand, the absence of significant dαN(i,i+3) NOEs suggests
that even this region in the CR-bound state does not adopt a
pure α-helical geometry.
Secondary Structure of aS in the CR-Bound State
from 13Cα Chemical Shifts. 13Cα chemical shifts are widely
used as site-specific reporters for secondary structure. In αhelices, an ∼3 ppm downfield chemical shift change is observed
relative to random coil values, whereas extended β-sheet
backbone conformations are characterized by a 1−2 ppm
upfield change in chemical shift.44,45 This change in 13Cα
chemical shift relative to its random coil value is often termed
the 13Cα secondary chemical shift, or Δδ13Cα. In the absence of
cosolvents or cosolutes, aS is highly disordered, and
correspondingly, its 13Cα chemical shifts fall close to random
coil values.18 Here, we measure the change in 13Cα chemical
shift upon addition of CR. By using the perdeuterated form of
the protein, these data can be recorded with use of a 28 ms
constant-time 13Cα evolution period, yielding 3D HNCA
spectra46 with excellent resolution in the 13Cα dimension and
very precise 13Cα chemical shifts (Figure S6 of the Supporting
Information). 13Cα chemical shift changes observed for aS upon
binding to CR are found to be very small, ∼0.015 ppm for
residues 5−28, and even smaller for the remaining residues in
region I. As expected, 13Cα chemical shifts do not change
measurably (<0.002 ppm) for region II at the 1:1 CR:aS
stoichiometry. Surprisingly, changes in region III, in particular
region IIIB, are among the largest in the protein (Figure 8).

Figure 8. Changes in aS 13Cα chemical shifts induced by Congo Red,
as measured by constant-time HNCA experiments with perdeuterated
13
C- and 15N-labeled aS (200 μM aS, 500 MHz) for CR:aS ratios of
1:1 (●) and 4:1 (○). The experimental uncertainty is 0.002 ppm.

At the 1.3:1 CR:aS stoichiometry, our relaxation dispersion
data indicate a 2.1% CR-bound fraction for the protein,
corresponding to an ∼1.6% bound fraction at the 1:1 CR:aS
ratio used for 13Cα shift measurements. In the fast exchange
limit, the observed 13Cα chemical shift is the linearly weighted
average over its sampled populations, and the CR-bound
Δδ13Cα values are ∼60-fold larger than the values shown in
Figure 8. However, even though the Δδ13Cα values are positive,
indicative of an, on average, increase in the level of helical
conformation, after multiplication by 60 the values remain
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Because direct hydrogen exchange of the backbone amide
protons with solvent cannot be fully eliminated by lowering the
sample pH to 6.0 and lowering the temperature to 5 °C, we
monitor the ratio of the attenuation factors caused by water
saturation in aS samples without CR and equivalent samples
containing CR in a 1:1 or 4:1 stoichiometry (Figure 9). For the

Information). However, at a slightly higher pH (7.4), DLS
indicates a much smaller size for CR micelles, on the order of a
15 Å radius, similar to values observed by Lendel et al.10 This
radius falls close to the value observed for the free protein and
indicates that under these conditions light scattering is no
longer dominated by the presence of large aggregates.
Small-angle X-ray scattering (SAXS) provides another
effective tool for probing the size and shape of the CR−aS
aggregates. Free aS, at the dilute concentration probed, gives a
very weak scattering pattern, compatible with coil-like behavior,
as shown previously.50 In contrast, for the 1:1 aS−CR sample,
strong scattering intensity is observed. However, the Guinier
plot of the scattering curve, commonly used for extracting the
radius of gyration, Rg, is quite nonlinear, indicative of a
heterogeneous population of the aggregates. Although a size
distribution cannot be derived uniquely from such a scattering
profile, an estimate can be obtained by fitting the low-q region
(q = 0.013−0.04) as that of the sum of two types of spherical
objects with radii of 180 and 103 Å, and populations of 28 and
72%, respectively (Figure 10).

Figure 9. Water-LOGSY effect for 1:1 (●) and 4:1 (□) CR−aS
samples. Experiments were performed on perdeuterated 15N-labeled
aS at 5 °C (pH 6.0, 200 μM aS, 500 MHz) and involved application of
a 2 s presaturation pulse on water with a strength γB1 of 13 Hz (or 0
Hz, in the no-presaturation reference experiment) followed by a
normal HSQC sequence. Reference and attenuated spectra were
recorded in an interleaved manner, using a room-temperature
probehead. The attenuation ratio I/Io in the presence and absence
of water presaturation is measured in the presence of CR, (I/Io)CR, and
in the absence of CR, (I/Io)free. The LOGSY effect plotted in the figure
represents (I/Io)CR/(I/Io)free, thereby eliminating to first order the
effect of amide hydrogen exchange with solvent at pH 6 and 5 °C.

1:1 stoichiometry, ∼20% attenuation of the amide signals is
observed in region I, with only very weak (<5%) attenuation in
region II, and no detectable transfer for region III, confirming
the nearly complete absence of direct contacts between region
II and the CR micelle and the complete absence of contacts
between the micelle and region III. The attenuation pattern in
region I is relatively flat. In part, this may be a consequence of
the very long effective NOE mixing time inherent to the WaterLOGSY experiment, which can result in extensive spin
diffusion, thereby smoothing the magnetization transfer profile.
However, the absence of significant variation is also compatible
with a heterogeneous disordered mode of binding of aS to the
CR aggregate.
When the CR:aS ratio is increased to 4:1, the Water-LOGSY
experiment shows quite strong, ∼25% attenuation for region II.
The uniformity in the magnetization transfer from CR to the
region II amide protons again points to a dynamic,
heterogeneous mode of binding.
Dynamic Light Scattering and SAXS Evaluation of
CR−aS Interaction. Dynamic light scattering (DLS) provides
a simple and straightforward method for estimating the
hydrodynamic size of the CR−aS aggregates. Analysis of the
size distribution for a heterogeneous ensemble of objects can be
challenging, however, with the larger objects typically being
overemphasized in histograms derived from such data. With
this caveat in mind, the hydrodynamic radius observed by DLS
at pH 6.0 is approximately 180 Å (Figure S8 of the Supporting

Figure 10. Small-angle X-ray scattering profiles obtained for equimolar
mixtures of aS and CR at 230 μM (black dots) and 56 μM (blue dots).
The inset shows the Guinier region, fitted to a profile computed for a
72% population of 103 Å radius spheres and a 28% population of 180
Å spheres (red line).

■

DISCUSSION

Our NMR data clearly indicate that CR in aqueous solution
forms micelles with a cmc well below 1 μM. However, the size
of the micelles is strongly pH dependent and rapidly increases
below neutral pH. α-Synuclein strongly binds to these colloidal
aggregates and helps prevent precipitation of CR. Although the
affinity of aS for CR is quite high, the binding surface for aS on
the CR aggregates is small and limited to approximately one aS
molecule per 60 CR molecules. The first 60 residues of aS,
which carry a net positive charge, bind the CR micelles with
highest affinity, and only at a CR:aS molar ratio well above 1 do
we observe evidence of additional binding of the neutral, more
hydrophobic region of aS, encompassing residues 64−98.
Binding of the N-terminal region to CR is strongly attenuated
with increasing salt concentrations, whereas a small increase in
the level of binding of the hydrophobic region is observed with
increasing ionic strength.
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The origin of small chemical shift changes, such as observed
here for aS upon binding to CR micelles, cannot be deduced
unambiguously from such data. Chemical shifts are impacted
primarily by very local effects such as backbone torsion angles,
steric clashes, and electric fields. The chemical shift changes for
the N-terminal residues correlate with binding to the CR
micelles, as evidenced by the relaxation dispersion measurements. If these chemical shift changes were to result from a
change in α-helical secondary structure in the bound state, they
would have to be more uniform and considerably larger than
what we observe. Instead, together with NOE buildup rates and
15
N transverse relaxation rates, these chemical shift data point
to a considerable degree of dynamic disorder in the micellebound state.
Our NMR data do not provide conclusive information about
the nature of the interaction between aS and CR micelles. The
Water-LOGSY data indicate there is considerable intermolecular magnetization transfer, which is remarkably uniform across
region I, and across region II at a higher CR:aS stoichiometry.
However, this experiment does not uniquely distinguish
between the case in which aS engages in a dynamic interaction
with the surface of CR micelles or dynamically traverses the
ribbonlike micelles. Both modes appear to be compatible with
the observed ability of aS to inhibit formation and precipitation
of large CR micelles. However, at near neutral pH the
negatively charged sulfonate moieties of CR aggregates may
result in a binding surface somewhat similar to that of SDS
micelles, where aS is known to bind in a surface mode.51
Even though the C-terminal region of aS shows small
chemical shift changes upon interaction with CR, there is no
direct magnetization transfer between CR and aS, as probed
with the Water-LOGSY experiment. Also, the absence of
increased intramolecular NOE buildup rates for the C-terminal
tail residues in the presence of CR suggests that the chemical
shift changes simply reflect a small difference in their
conformational distribution relative to the free protein. Such
a difference in conformational distribution upon CR binding is
not surprising considering that weak, nonspecific, long-range
electrostatic interactions between the oppositely charged Nand C-terminal regions can be seen in the free protein.52
Intraresidue HN−Hα NOE buildup rates for region I in the
CR micelle-bound state are ∼18 s−1, roughly what would be
expected for a protein rigidly bound to a particle with a 100 Å
diameter undergoing Brownian diffusion. However, both our
DLS and SAXS data indicate that the aS−CR aggregates have
diameters in the 200−400 Å range. Correspondingly, one
would expect HN−Hα NOE buildup rates much faster than 18
s−1 if the aS−CR aggregate were to behave like a rigid object.
Instead, the slower than expected NOE buildup rates therefore
point to a highly dynamic and heterogeneous mode of
interaction between aS and CR, where aS retains a high degree
of motional freedom. Although very small upfield changes in
13 α
C chemical shifts are indicative of a shift toward α-helical
conformations in the bound form, both for the N-terminal
region and for the hydrophobic NAC region at higher CR:aS
ratios, the magnitude of the chemical shift changes is much
smaller than what would be expected for a purely α-helical
bound conformation. Moreover, the ratios of intraresidue to
sequential HN−Hα NOE intensities point to a structure in the
bound state that is neither extended nor α-helical, which is
again indicative of a dynamically heterogeneous mode of
binding.

■

CONCLUDING REMARKS
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Inhibition of aS fibril formation by CR is quite effective when
both the protein and CR are at concentrations of 100 μM,10 but
our data indicate that only a small aS fraction (<2%) interacts
with CR under such conditions, i.e., that >98% of aS remains
free of any interaction with CR. This result indicates that the
mechanism of inhibition of fibril formation by CR must relate
to interaction of CR with the fibril or its protofibril
intermediate, and not to interaction with the free protein.
Although we find that the interaction between monomeric aS
and CR micelles is not the mechanism by which fibril formation
is inhibited, the impact on the aS NMR spectrum caused by
binding of aS to CR is of interest, because at first sight it shows
close similarities to the effect of interaction of aS with small
amounts of phospholipid vesicles. Under such conditions, i.e.,
at molar concentrations of phospholipids comparable to the aS
concentration, where the amount of phospholipid vesicle
surface is insufficient to simultaneously bind more than only
a small fraction of aS, a clear stepwise attenuation of HSQC
resonance intensity as a function of residue number is
observed.19 The reason for this behavior, attributed to a
NMR dark state, remains not fully understood. NMR spectra
previously reported for binding of aS to CR9,10 showed a very
similar attenuation profile, and CR therefore provided an
interesting alternative for further probing the interaction of aS
with a lipophilic surface under conditions where there is
insufficient surface area available to accommodate binding of all
protein.
Although at first sight the behavior of aS upon binding to CR
appears very similar to that seen for binding of the protein to
very low concentrations of phospholipids, a key difference is
seen in the kinetics of the process. For CR binding, a strong
correlation among the chemical shift change, the degree of
resonance broadening, and the attenuation of intensity is
observed (Figures 2 and 4), which is the typical scenario for a
system subject to fast or intermediate chemical exchange. For
lipid binding, we found that the attenuation in intensity is not
caused by 1H or 15N broadening.19 In fact, the resonances of aS
remain sharp in the presence of small amounts of lipids but
simply decrease in intensity in a progressive manner toward the
N-terminus of the protein. This latter behavior is expected for a
system in slow exchange, on a time scale of ≥100 ms, between a
random coil-like, dynamically disordered conformation and a
dark state, in which resonances are severely broadened. For the
interaction between aS and CR, the dichotomy between the
SAXS and DLS results on one hand and Hα−HN NOE buildup
rates on the other points to a dynamically heterogeneous
binding mode. It is conceivable that a similar situation applies
for the dark state of aS when it interacts with very low
concentrations of phospholipids, but remarkably, the rate of
exchange between lipid-free aS and lipid-bound aS must remain
slow for the protein to retain its narrow line widths.

S Supporting Information
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One-dimensional 1H NMR spectra of CR under different
conditions, plots of peak intensity attenuation as a function of
aS concentration at a CR:aS ratio of 1, TROSY spectra of free
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chemical shift changes induced at a CR:aS ratio of 4, plots of
CPMG relaxation rates measured at 500 and 800 MHz, strip
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