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Summary
The human synuclein family includes the protein α-synuclein, which has been linked to both familial
and sporadic Parkinson’s disease, as well as the highly homologous proteins β- and γ-synuclein.
Mutations in α-synuclein cause autosomal dominant early onset Parkinson’s, and the protein is found
deposited in a fibrillar form in both hereditary and idiopathic forms of the disease. No genetic links
between β- and γ-synuclein and any neurodegenerative diseases have been established, and it is
generally considered that these two family members are not highly pathogenic. In addition, both β-
and γ-synuclein are reported to aggregate less readily than α-synuclein in vitro. Indeed, β-synuclein
has been reported to protect against α-synuclein aggregation in vitro, as well as α-synuclein mediated
toxicity in vivo. We have previously compared the structural properties of the highly helical states
adopted by all three synucleins in association with detergent micelles in an attempt to delineate the
basis for functional differences between the three proteins. Here we report a comparison of the
structural and dynamic properties of the free states of all three proteins in order to shed light on
differences that may help to explain their different propensities to aggregate, which in turn may
underlie their differing contributions to the etiology of Parkinson’s disease. We find that γ-synuclein
closely resembles α-synuclein in its free state residual secondary structure, consistent with the more
similar propensities of the two proteins to aggregate in vitro. β-synuclein, however, differs
significantly from α-synuclein, exhibiting a lower predisposition towards helical structure in the
second half of its lipid-binding domain, and a higher preference for extended structures in its C-
terminal tail. Both β- and γ-synuclein also show less extensive transient long-range structure than
that observed in α-synuclein. These results raise questions regarding the role of secondary structure
propensities and transient long-range contacts in directing synuclein aggregation reactions.
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Introduction
Synucleins are small highly conserved vertebrate proteins that are highly expressed in neurons
1; 2; 3. In humans, three proteins, α-synuclein (aS), β-synuclein (bS), and γ-synuclein (gS),
are included in the synuclein family 4; 5; 6. aS and bS are predominantly localized at
presynaptic nerve terminals and are largely absent from peripheral tissues 7; 8. In contrast, gS
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is abundant in the peripheral nervous system, but is also expressed in other tissues, including
the brain, as well as breast and ovarian cancers 3; 6; 9; 10. In addition to their overlapping
expression patterns, synuclein family members share a high level of sequence homology. The
N-terminal domains of all three proteins, defined by their lipid-interactions, are especially
highly conserved and include several imperfect 11 residues repeats, while the C-terminal
domains are highly acidic and are more diverse between synucleins (Figure 1). Within the N-
terminal domain, the most notable sequence difference between the proteins is the deletion of
11 residues in the bS sequence that correspond to parts of repeats 6 and 7 of aS and gS and are
located in the most hydrophobic region of the proteins, which is referred to as the NAC region
in aS 11. Within the C-terminal domain, both aS and bS contain two 16-residue imperfect
repeats 12, while gS has a relatively shorter C-terminal tail that does not contain these repeats.
All three synucleins are intrinsically unstructured when isolated under physiological conditions
13; 14; 15; 16 and adopt highly helical structures in their N-terminal domains upon binding to
lipid vesicles or detergent micelles in vitro 17; 18; 19; 20.

Among the three synucleins, aS has been intensely studied because it is linked with the etiology
of Parkinson’s disease (PD). aS is a major component of Lewy bodies and Lewy neurites 21,
proteinaceous deposits associated with functionally damaged brain regions in PD, where it is
found aggregated in the form of amyloid fibrils 22; 23. Furthermore, three missense mutations,
A53T 24, A30P 25, and E46K 26 in the α-synuclein gene are associated with familial
Parkinsonism, and gene duplication 27 or triplication 28 can also cause early onset familial
PD. Despite extensive study, however, both the normal functions of aS and their relation to the
mechanism by which aS contributes to PD remain unclear. Consistent with its localization to
synaptic terminals, aS appears to be involved in synaptic plasticity 29. Additional and mounting
evidence suggests a role for the protein in neurotransmitter release pathways. For example, aS
has bee shown to regulate the production of phosphatidic acid by phospholipase D 30, an
activity that is thought to be important in the formation and fusion of synaptic vesicles 31. aS
can also act to rescue neurodegeneration caused by the absence of cysteine-string protein α, a
protein responsible for assisting in fusion-mediating SNARE complex assembly 32.
Accumulation of aS causes defects in ER-Golgi traffic in yeast, and increased neuronal
expression of Rabs, proteins involved in vesicle trafficking, rescues aS-induced cell death
33. Finally, aS has been show to modulate neurotransmitter release in a number of systems
34; 35; 36; 37; 38.

The role of aS aggregation in PD also remains unclear. All three PD-linked aS mutations
increase the rate at which the protein forms oligomeric species in vitro 39; 40; 41; 42; 43,
suggesting that this effect may underlie the ability of these mutations to cause disease. A
number of models for how aggregation may lead to toxicity exist, but conclusive evidence for
any one model has proven difficult to obtain. Nevertheless, extensive efforts have been made
to understand the process by which aS converts into amyloid fibrils, including detailed
structural studies of the free protein isolated in vitro 15; 44; 45; 46, representing the initiation
point of the aggregation reaction, as well as of the aggregated fibrillar form of the protein,
representing the end point of the reaction 47; 48.

Unlike aS, relatively little is known about bS and gS. In contrast to aS, no mutations in the bS
and gS genes in familial PD have been identified 49; 50; 51 and they are not found in Lewy
bodies or Lewy neurites 23, excluding a primary role for either protein in the pathogenesis of
PD. Nevertheless, some evidence exists for bS and gS deposition in PD or dementia with Lewy
Bodies (DLB) 52, and for a genetic linkage between bS and DLB 53. In vitro, bS and gS are
less prone to aggregation than aS. gS can form amyloid fibrils under typical conditions that
lead to aS fibril formation, but does so less readily 14; 54. bS was initially reported to be
incapable of forming fibrils 14; 54, but more recently was shown to do so in the presence of
metals 55. Interestingly, bS 14; 56; 57 and gS 14 were shown to inhibit aS fibril formation
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when incubated with aS in vitro. Additionally, double-transgenic mice, expressing human aS
and bS show an ameliorated PD-like phenotype when compared with singly transgenic mice
expressing human aS alone 56.

Here we report a detailed comparison of the structural properties of bS and gS with those of
aS in the free state of each protein isolated in solution. Because bS and gS are not clearly linked
to PD despite their high sequence homology to aS, and are also less prone to aggregate in vitro,
structural differences between the three proteins may be informative regarding those properties
of aS which are crucial for facilitating its aggregation, and for determining its role in the
etiology of PD. We further investigate potential interactions of bS and gS with aS in an attempt
to understand the inhibitory effects of the two proteins on aS aggregation and toxicity.

Results
Circular dichroism

To assess the gross secondary structure content of all three synucleins under the conditions
used in our NMR experiments, we collected far-UV CD spectra of all three proteins
(Supplementary Data Figure 1). The spectra confirm the highly unstructured nature of the
polypeptides, as indicated by the intense negative band near 195 nm and the absence of a strong
signal at either the β-sheet characteristic band around 218 nm or the helix indicative bands at
208 and 222 nm. Nevertheless, the deviation of the strong negative band away from 195 nm
towards longer wavelengths, combined with the weak signal for all three proteins at 222 nm
are suggestive of the presence of a small degree of residual helical structure.

NMR chemical shifts
To investigate sequence specific residual structure in bS and gS, the backbone NMR resonances
of the free states of both proteins were assigned. Consistent with the lack of significant
secondary structure observed in the CD spectra, the ¹H-15N heteronuclear single quantum
coherence (HSQC) spectra of bS and gS show a degree of resonance dispersion that is much
lower than that observed for well-structured proteins (Figure 2). To investigate the potential
for residual structure in both proteins, the deviations of the chemical shifts of the Cα nuclei
from those expected for a fully random coil ensemble of conformations 58 were calculated for
both proteins. These so-called secondary chemical shifts can be used as indicators of secondary
structure preferences in protein 59; 60. Residues with positive Cα secondary chemical shifts
have preferences for helical regions of ϕ-ψ space, while residues that populate more extended
conformations show the opposite pattern. Figure 3 shows the Cα secondary shifts of bS and
gS as a function of residue number as well as the values previously determined for aS 15; 46
for comparison. Although the secondary shifts are small, distinct preferences towards positive
or negative values can be seen in the N-terminal and C-terminal domains, respectively, of all
three proteins. bS exhibits generally positive Cα secondary shifts from its very N-terminus
until approximately residue 65 (mean value of 0.09 PPM). Between residues 66 and 83, the bS
secondary shifts are slightly negative or close to zero (mean value of −0.04 PPM). Between
residues 84 and the C-terminus of the protein, the secondary shifts are predominantly negative
(mean value of −0.25 PPM). For gS, a preference for positive secondary shifts is maintained
from the N-terminus through approximately residue 98 (mean value of 0.09 PPM), after which
a reversal to negative secondary shifts is again observed (mean value of −0.04 PPM). The data
for gS closely resemble those previously obtained for aS, whereas for bS the change from
positive to negative shifts occurs much earlier within the sequence.

Previously, we have shown that the highly conserved N-terminal regions of all three synucleins
adopt a highly helical structure in the presence of SDS micelles, while the C-terminal regions
remain largely unstructured 18; 20. We also noted in our studies of aS that the structural
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preferences observed for the free state of the protein reflected the well formed structure
observed in the micelle-bound state, particularly in the lipid-binding N-terminal domain. To
investigate whether a similar correspondence exists between the free and micelle-bound states
of bS and gS, the Cα secondary chemical shifts in the two states were compared (Figure 4).
For gS, the end of the helical structure in the micelle-bound state occurs at residue 95. Slightly
positive Cα secondary shifts continue past the end of the helical structure, however, as do
significant sequential HN-HN NOEs, indicating that a number of residues past the end of the
helical structure adopt a somewhat compact ordered conformation in the micelle-bound state
20. In the free state, there is a dip in the secondary shifts at positions 95–96 corresponding to
the end of the micelle-bound helical structure, but a return to positive values for the subsequent
two residues, reflecting the non-helical extension. For bS, the micelle-bound helical structure
ends at residue 84. Correspondingly, a shift to negative secondary shifts is observed in the free
state data at position 83. A unique additional feature of micelle-bound bS is that the C-terminal
half of the second of the two micelle-bound helices is strongly destabilized, resulting in
significantly decreased Cα secondary shifts beyond position 65. This transition also appears
to be reflected in the free state data, as the secondary shifts decrease past position 65 and remain
near zero until position 83, where the further shift to negative values takes place.

Interestingly, the Cα secondary shifts in the C-terminal tails of all three synucleins are very
similar in the free and micelle-bound states. Indeed, they are nearly identical for aS and bS,
and although for gS the micelle-bound shifts are slightly more positive in the C-terminal tail,
the effect is systematic suggesting that there may be a slight offset in the referencing of the
data for micelle-bound gS. This close correspondence in the Cα secondary shifts indicates that
the secondary structure propensities of the C-terminal tail are not affected by micelle-binding.
This does not mean that the C-terminal tail is entirely insensitive to micelle or lipid binding,
as the amide proton chemical shifts of the C-terminal tail of aS do exhibit small changes upon
micelle binding, indicating some degree of change in the environment of the acidic tail region
61.

Backbone dynamics
To investigate the backbone dynamics of free bS and gS, 15N R1, R2 and steady state
heteronuclear ¹H-15N NOE (hNOE) values were measured (Figure 5). The R1 relaxation rates
are quite uniform away from the polypeptide termini and are very similar for all three
synucleins. The R2 relaxation rates are less uniform reflecting both the greater sensitivity of
this rate constant to protein motions and the lower signal-to-noise that is typically achievable
in these measurements. A consistent feature in the data for all three proteins is a somewhat
decreased R2 value in the region of residues 70 – 80, suggesting a greater degree of mobility
in this region, an observation which was previously noted for aS 46. Although other variations
occur throughout the R2 data for all three proteins, there is no clear evidence for slow time
scale conformational exchange or of other easily interpretable variations in fast time scale
motions. The steady state NOE data are also relatively uniform. For aS, these data also exhibit
slightly decreased values in the NAC region, as previously reported, but this trend is not as
clear cut for either bS or gS. Overall the relaxation data clearly indicate that all three proteins
are highly dynamic, as the hNOE data fall well below values indicative rigid structure, and the
R2 values are only slightly greater than the R1 values, indicating a high degree of flexibility
with individual sites approaching the extreme narrowing limit.

Paramagnetic relaxation enhancement
By attaching spin labels to specific sites in a protein, it is possible to establish the physical
proximity of the spin-labeled site to other locations within the protein through the degree of
broadening that is observed in the NMR signals originating from such locations 62; 63. Recent
studies have utilized this approach to document long-range intramolecular interactions within
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aS 44; 45. We applied this approach to compare long-range contacts in the three synuclein
proteins (Figure 6). For aS, consistent with previous reports, spin labels at N-terminal locations
lead to broadening in the C-terminal tail, and spin labels at C-terminal locations lead to
broadening in the NAC region as well as near the N-terminus of the protein. Specifically,
introduction of a spin label at residue 20 caused broadening of the resonances originating from
the vicinity of residue 128, introduction of a spin label at residue 120 caused broadening in the
vicinity of residue 90 as well as near residue 10, and introduction of a spin label at position 85
leads to broadening through much of the C-terminal domain. In addition, spin labels at both
position 20 and 85 caused local broadening that extended significantly beyond what would be
expected for an idealized random coil conformation, indicating that these regions of the protein
are significantly more compact than an ideal random coil.

In contrast to aS, introduction of spin labels at similar positions within bS and gS did not lead
to broadening at corresponding distant regions within these proteins. Specifically, spin labels
at position 20 in both bS and gS lead to little or no broadening in the C-terminal regions of
either protein, spin labels at position 114 in both bS and gS lead to no significant broadening
either in the N-terminal regions of either proteins or in central regions corresponding to the
NAC region of aS, and spin labels at position 74 for bS and 85 for gS did not cause appreciable
broadening in the C-terminal domain of either protein. Thus, the long-range contacts inferred
to exist in the free state of aS appear to be largely absent in both bS and gS.

Notably, as for aS, spin labels within the N-terminal domain of both bS and gS also lead to
broadening that extends significantly beyond the region that would be effected for an idealized
random coil. For the spin label at position 20, the effect is particularly strong in gS, leading to
significant broadening from the very N-terminus to around residue 50, similar to that observed
for aS. In bS, broadening is observed in a similarly extensive region, but the degree of
broadening is significantly diminished. For gS, labeling at position 85 leads to significant
broadening through residue 105 on the C-terminal side of the label, whereas on the N-terminal
side, the broadening profile is similar to that expected for a model random coil, extending only
to around position 75. For bS, labeling at position 74 leads to broadening ranging from positions
50 through 100, covering a range similar to that observed in aS upon labeling position 85.
Interestingly, for both bS and gS labeling at position 74 or 85, respectively, leads to some
broadening of first 10 to 20 N-terminal residues. This is a feature not observed in the aS data,
suggesting the potential for contacts within the bS and gS lipid-binding domains that are absent
in aS.

For both bS and gS, labeling within the C-terminal tail at position 114 leads to a broadening
profile that closely resembles that predicted for a model random coil, indicating that the C-
terminal tails of both proteins are more highly disordered than the N-terminal domains, and
also validating the model used to predict the extent of broadening expected for an idealized
random coil. For gS, a slight degree of additional broadening is observed N-terminal to the
calculated profile, possibly reflecting the proximity of the spin label to the compact region
inferred from the data obtained with the label at position 85.

Residual dipolar couplings
Recently residual dipolar couplings (RDCs) have been measured from unfolded proteins to
provide additional structural information 64, although the interpretation of such data remains
challenging in this context. In the case of the random flight or Gaussian modes for polypeptide
chains lacking local structural preferences, RDCs are expected to be essentially uniform
throughout the sequence except near the termini, where values fall off due to increased motions
and a closer approximation to spherical symmetry 65. Deviations from such a uniform
distribution may report on residual structure, which may in principle reflect either local or long-
range structure. A study of RDCs in acid-denatured apomyoglobin demonstrated a high degree
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of correspondence between RDCs and local residual secondary structure 66. For the free state
of aS, measurements of RDCs have been reported 45 and have been analyzed in the context of
calculations based on ensembles of simulated coil-like structures 67 or on local sequence
properties such as side chain bulkiness 68. Both of these studies reported a disparity between
the calculated and measured RDCs, which was interpreted to reflect the presence of long-range
structure with free aS. Here we have measured RDCs from all three synucleins in stretched
polyacrylamide gels (Figure 7). The RDC profiles for all three proteins deviate from the
uniform distribution expected for a guassian coil, consistent with the presence of residual
structure. A consistent feature among all three synucleins is the presence of higher amplitude
RDCs in the C-terminal tail regions. Given the previously observed correlation between
residual secondary structure and RDCs for acid-denatured apomyoglobin, we decided to
compare the Cα secondary shifts observed for the three synucleins with the measured RDCs.
We observe a qualitative correlation between the RDC and secondary shift data in the C-
terminal regions of all three proteins. Negative secondary shifts are consistently associated
with larger amplitude RDCs, and those few regions with positive secondary shifts within the
C-terminal domains consistently exhibit decreased RDC values. These observations are
commensurate with a local preference for extended local structure in the C-terminal domain
of all three proteins, which leads to the preferential alignment of the polypeptide chain along
the direction of the alignment medium, and the consequent alignment of the NH bond vectors
perpendicular to the external magnetic field, resulting in negative RDC values. Within the N-
terminal lipid-binding domains of all three proteins, some degree of correlation between the
secondary shift and RDC data is also observed. In particular, the region with the strongest
chemical shift indications for helical structure in aS, encompassing residues 18–31, shows the
lowest measured RDC values, and this trend is largely maintained in all three proteins.
Although well populated helical structure would be expected to lead to sign-reversal of the
RDC values, the observed decrease in the RDCs is consistent with either more highly transient
helical structure in equilibrium with extended structures, or with pre-helical compact
conformations that randomize the alignment of the NH bond vectors. Interestingly, our results
do not show the previously reported high amplitude RDCs for residues at the very N-terminus
of aS 45. This may reflect differences in the experimental conditions used.

Chemical shift mapping
The perturbations of chemical shifts of a protein upon interacting with another protein or ligand
are a sensitive tool for probing such interactions and and for mapping binding sites. Because
both bS and gS have been reported to inhibit the aggregation of aS, we looked for evidence of
an interaction between the free state of aS with bS or gS by monitoring ¹H-15N HSQC spectra
of 15N-labeled aS titrated with increasing amounts of unlabeled bS or gS. Notable spectral
changes were initially observed throughout the C-terminal tail of aS, as well as for the few
residues surrounding His 50. Because we have previously observed that the resonance of His
50 is extremely sensitive to even small perturbations in pH, and since our experiments are
performed in phosphate-buffered saline at pH 7.4, well away from the pKa of phosphate, we
suspected some of the observed changes might reflect changes in sample pH upon titration.
We therefore examined the effects of decreased pH on HSQC spectra of aS. We found that
spectra at pH 6.0 led to chemical shift changes that reproduced those observed near His 50 in
the titration experiments (Figure 9). Direct post-titration pH measurements of samples used in
equivalent titration experiments confirmed variable drops in pH from the starting value of 7.4,
and microdialysis of such titrated samples against pH 7.4 buffer strongly attenuated spectral
changes around His 50. Surprisingly, restoring the titrated samples to pH 7.4 also eliminated
the chemical shift changes observed in the C-terminal tail of aS, and the spectra collected at
pH 6.0 reproduced these changes, which are most pronounced for residues 109–137. Spectra
of bS and gS collected at pH 6.0 revealed similar chemical shift changes in the C-terminal tails
of both proteins (most pronounced for residues 90–134 of bS and 106–127 of gS) as well as
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in the vicinity of bS His 65 (the sole histidine in the bS sequence). Thus, lowering the pH from
7.4 to 6.0 leads to significant chemical shift changes in the C-terminal tails of all three
synucleins. In contrast, the addition of a molar excess of bS or gS to aS, and of aS to bS or gS,
did not lead to comparable chemical shift changes once accompanying alterations in pH were
eliminated.

aS has also been shown to bind to polycations, including poly-L-lysine and poly-L-arginine,
spermine, and spermidine; an interaction that accelerates the rate of aS fibril formation 69;
70. We used NMR to investigate whether bS and gS also bind to polycations and if so, where
such binding occurs. Figure 9 shows the weighted average perturbations of chemical shifts in
HSQC spectra of all three synucleins upon addition of poly-L-lysine or poly-L-arginine. Clear
effects were observed for residues in the C-terminal regions of both aS and bS while more
marginal perturbations were observed for gS. In addition to the larger perturbations in the C-
terminal regions, smaller perturbations were induced throughout the N-terminal regions of aS
and bS by poly-L-Arg, but not to the same extent by Poly-L-Lys, prossibly reflecting the higher
molecular weight of the former (55 kD vs. 29 kD). Interestingly, we did not observe any
alterations in the intensities of resonances originating from the N-terminal lipid-binding
domain of either aS, bS or gS upon polycation binding, in contrast to previously reported
increases in aS NAC region resonance intensities upon polycation binding 71, which were
concluded to imply a polycation-induced release of interactions between the C-terminal tail of
aS and the NAC region.

Discussion
The role of synuclein function and aggregation in disease

Despite the high degree of sequence homology between the members of the human synuclein
family, only aS is clearly linked to the pathogenesis of PD. Within the N-terminal lipid binding
domain, extending through aS residue 94, bS contains 14 single residue substitutions and an
11 residue deletion when compared with aS, and gS contains 30 single residue substitutions.
Within their C-terminal tails, a much greater degree of sequence diversity is evident for the
synucleins, with 30 substitutions for bS and 24 substitutions as well as 18 missing residues for
gS. These primary sequence differences must necessarily underlie the functional and
pathogenic differences between aS, bS and gS, but the mechanism by which the sequence
alterations lead to biological consequences remains unclear. Because protein sequence
determines protein structure, we previously investigated structural differences between aS, bS
and gS in their highly helical micelle-bound conformations 18; 20. We found that the lipid-
binding domains of aS and gS were extremely similar in this context, but that the 11 residue
deletion in the bS lipid-binding domain lead to a substantial destabilization of the C-terminal
half of the second of the two helices of the micelle-bound proteins. Because the micelle-bound
state of the synucleins is proposed to mimic the lipid-bound state, which in turn is thought to
mediate the normal function of these proteins, we interpreted our observations to mean that
functional differences between aS and gS would be determined primarily by the sequence
differences in the C-terminal tails of the proteins, which are thought to mediate protein-protein
interactions. In contrast, the C-terminal tails of aS and bS are more similar, and functional
differences between the latter two proteins may be determined by the observed structural and
dynamic differences in their lipid-bound domains.

The function of aS revolves around the regulation of neurotransmitter-carrying synaptic
vesicles, suggesting that modulations of this function could potentially play a role in PD.
Nevertheless, the appearance of aS amyloid fibrils in the hallmark Lewy body deposits of PD
21; 22; 23, combined with the increased aggregation rates observed in vitro for PD-linked aS
mutants 39; 40; 41; 42; 43, has focused much attention on the potential role of aS aggregation
in PD. Here, therefore, we have compared the structural characteristics of aS, bS and gS in
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their isolated free states, which have typically been used as the initiation point for comparative
in vitro aggregation studies of these proteins.

Structural properties of free aS
The free state of aS has been extensively characterized previously by us and others. It was
shown to contain residual helical structure in the N-terminal lipid-binding domain, and to prefer
more extended structures in the acidic C-terminal tail 15. Free aS was also shown to be more
compact than would be expected for an ideal random coil conformation 14; 72, and to populate
conformations in which the C-terminal tail makes transient contacts with the NAC region of
the protein, as well as with the very N-terminal region of the protein 44; 45. Based on
observations of residual amphipathic helical structure in aS, we originally suggested that
intramolecular contacts involving the NAC region might act to occlude this hydrophobic region
of the protein and retard intermolecular interactions leading to aggregation 46. This hypothesis
was subsequently modified to invoke interactions between the C-terminal tail and the NAC
region as being key to retarding the aggregation of the protein 44; 45. More recently,
comparisons of measured and predicted RDCs in free aS have been interpreted to reflect the
presence of long-range contacts within the protein 67; 68. Although the idea that long-range
contacts within aS may retard the aggregation of the protein has proven popular, a different
model proposed that compact conformations of the protein would actually favor amyloid fibril
formation 73.

Residual secondary structure in bS and gS
Both bS and gS have been shown to aggregate more slowly than aS in vitro, although the
difference is much greater for bS 14; 54. Therefore, structural studies of free bS and gS provide
an opportunity to determine which structural properties exert the greatest influence on the
aggregation propensities of the synucleins. Our results indicate that residual secondary
structure in gS, as judged by chemical shifts (Figure 3), is quite similar to that previously
observed in aS 15; 46. Recently, a comparison of the secondary structure preferences of gS
and aS, based on NMR chemical shifts, concluded that gS has a somewhat increased preference
for helical structure in the NAC domain of the proteins 16. Such a difference is not readily
apparent in our Cα chemical shift data. This may be due either to slight differences in
experimental conditions between the studies, or possibly to the use of a more sophisticated
chemical shift analysis algorithm by Marsh et al. to tease out secondary structure preferences.
We have generally found that Cα shifts alone are the most reliable indicator of weak helical
propensity, as they are least sensitive to nearest neighbor effect, which can be difficult to correct
for. Thus, based on our data, if there are differences in residual helical structure between aS
and gS, they must be quite small.

In contrast to gS, residual structure within free bS is found to differ substantially from that of
aS. In particular, the helical propensity of bS is clearly reduced between residues 66 and 83
when compared with that of aS. This region subsumes the 11-residue deletion within the bS
sequence, which corresponds to aS residues 72 to 83. Interestingly, the reduction of the helical
propensity of bS accurately predicts the destabilization of helical structure that is observed in
the micelle-bound state of bS (Figure 4). Thus, residual helical structure in all three synucleins
appears to accurately reflect well-formed helical structure in their micelle-bound states. Since
the helical structures of micelle-bound gS and aS are very similar 74, this further supports our
conclusion that residual structure in the N-terminal domains of the free states of aS and gS are
highly similar as well.

The C-terminal domains of all three synucleins exhibit chemical shifts that are indicative of a
general preference for more extended conformations. In aS, small Cα secondary shifts of
oscillating sign persist for nearly 20 residues past the end of the lipid-binding domain, but the
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remainder of the C-terminal tail exhibits two distinct negative stretches in the data 46, which
correspond fairly well with the two 16-residue imperfect repeats in the tail region 12. For bS,
the negative secondary shifts begin immediately after the end of the lipid-binding domain at
position 84, and remain substantially negative throughout the C-terminal tail, indicating that
this region of bS is likely more extended than the corresponding region of aS. gS has a
considerably shorter C-terminal tail than aS or bS, and exhibits only a short region of negative
secondary shifts near the very C-terminus, indicating that the tail of gS samples more random
conformations than that of either aS or bS.

Transient long-range structure in bS and gS
PRE measurements provide an effective means for detecting long-range interactions in poorly
structured proteins 62; 63. Using this methodology, we have confirmed previous reports 44;
45 of apparent contacts between the C-terminal tail of aS and the NAC region as well as the
N-terminus of the protein (Figure 6). Our data also illustrate the compact nature of the free
state of aS in the vicinity of both N-terminal domain spin label sites (positions 20 and 85).
Given the hypothesis that long-range contacts involving the C-terminal tail of aS occlude
intermolecular interaction sites, it might be expected that such interactions may exist in bS and
gS as well, since these proteins are better protected from aggregation. Instead our data show
no evidence in either protein for contacts between the C-terminal tail region and sites within
the N-terminal lipid-binding domain. Indeed, for bS, the introduction of a spin-label at position
114 leads to a broadening profile that closely reproduces that which would be expected for an
idealized random coil, supporting the chemical shift indications for a highly extended ensemble
of conformations in this region. For gS, the broadening distribution in the tail deviates slightly
from the predicted random coil behavior on the N-terminal side of the label, consistent with
the chemical shift indications for less extended structure. For both bS and gS, labeling within
the N-terminal lipid-binding domain provides evidence that this domain is more compact than
a model random coil, as was observed for aS. However, some lipid-binding domain contacts
between the very N-terminal regions and the NAC-corresponding regions of bS and gS appear
to be unique to these family members and absent in aS.

The absence of long-range contacts between the N- and C-terminal domains of bS and gS would
suggest that any intermolecular interactions sites within these proteins should be more exposed
than in aS, favoring aggregation reactions. For bS, the 11-residue deletion within the NAC
region removes a number of apolar residues, potentially reducing the self-affinity of this region,
and perhaps explaining the low aggregation propensity of this variant, even in the absence of
intramolecular protection by the C-terminal tail. For gS, the NAC region is largely intact, but
three glycine residues in this region (G67, G84 and G86) are altered to glutamate in this family
member. Thus, the introduction of negative charges may explain the decreased ability of this
region to mediate intermolecular contacts, and may also explain the lack of contacts with the
C-terminal tail, since the latter is highly negatively charged. The Gly to Glu substitutions would
also be consistent with the reported increase in the helical character of the gS NAC region
16, despite our own inability to detect this increase.

Because RDCs observed for aS were interpreted to reflect the presence of long-range contacts
within aS, we measured RDC values under our conditions for all three synucleins (Figure 7).
Because RDCs in denatured proteins have also been found to reflect local secondary structure
propensities 66, we compared the measured RDCs with the corresponding Cα secondary shifts.
We find a qualitative correlation between the two measurements, and especially within the C-
terminal tails of all three synucleins. Given this correspondence, we believe it likely that the
observed RDCs in the C-terminal tails arise primarily from the preferential alignment of locally
extended chain segments, and that there is no clear need to invoke the presence of any long-
range contacts to explain these RDC data, although we can not rule out a contribution from
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such effects. Interestingly, however, we note that the RDCs we observe for aS are not in precise
agreement with those previously reported 45. In the C-terminal tail, we do observe two regions
of significant negative RDCs, but the magnitudes we measure are not as high as those
previously reported. Furthermore, at the N-terminus of aS, we observe relatively small RDCs
in contrast to the larger values previously seen 45. In fact, our aS RDC values appear to agree
quite well with the RDC values predicted in the absence of any long-range contacts 67.

The discrepancy between our RDC measurements and those previously reported may be due
to differences in experimental conditions, as well as to the use of different alignment media.
Nevertheless, under our experimental conditions, we are able to detect transient long-range
contacts in aS using PRE measurements, but these contacts do not appear to be reflected in the
RDC measurements, which as stated agree nicely with predictions based on the absence of
such contacts. Thus, we believe that considerable care must be taken before RDC
measurements can be used as a reliable indicator of long-range contacts in disordered
synucleins or other proteins.

Interactions of aS, bS and gS
Both bS and gS have been reported to inhibit the aggregation of aS. To determine whether this
effect may reflect direct interactions, we used NMR chemical shift mapping to look for such
interactions. Our data do not indicate any direct interaction between aS and bS or gS in their
monomeric free states under our conditions. Therefore, the mechanism by which bS and gS
retard aS aggregation likely involves interactions between non-monomeric forms of the
proteins, or is perhaps mediated by some other effect. One possibility is that the high sequence
homology between aS, bS and gS allows bS or gS to interact with synuclein fibrils or oligomers
in a fashion that blocks further addition of aS monomers. Studies of the inhibition of mouse
aS aggregation by human aS lead to similar suggestions 75 and a similar mechanism has also
recently been indicated for the inhibitory effect of the Alzheimer’s disease peptide Aβ40 on
the aggregation of Aβ42 76. Alternately, it is possible that the inhibitory effects of bS and gS
are not mediated by specific interactions. Synucleins have been reported to function as protein
chaperones 77, yet given their highly disordered nature, they seem unlikely to do so in any
conventional sense. Possibly, high concentrations of aS, bS or gS may instead act as chemical
chaperones in the same way as a number of individual amino acids are able to 78.

Because polycations do interact with aS and enhance its aggregation, we sought to determine
if they also bind to bS and gS. Using chemical shift mapping, we showed (Figure 9) that poly-
L-lysine and poly-L-arginine bind to the C-terminus of bS in a fashion quite similar to aS
binding. Polycation interactions with gS appeared to be weaker, as a much lesser degree of
chemical shift perturbation is evident at comparable ratios of protein to polycation. This may
reflect the shorter length, and lesser negative charge, of the gS tail. Although the effects of
polycation binding on the aggregation of bS and gS have not been reported, it has been shown
that metal binding, and in particular copper binding, to bS catalyzes amyloid fibril formation
by this protein. We and others have shown that copper binds to negatively charged side chains
in the C-terminal tail of aS, as well as to the N-terminal amino group and to His 50 79; 80, and
it can therefore be expected that copper will bind to the same sites in the C-terminal tail of bS
that mediate polycation binding. Thus, we would predict that polycations would also catalyze
amyloid fibril formation by bS. Polycation binding to the C-terminal tail of aS was proposed
to catalyze the aggregation of aS by perturbing long-range contacts between the C-terminal
tail and the NAC region of the protein. In the case of bS, we have demonstrated the absence
of any long-range interactions between its C-terminal tail and its N-terminal lipid-binding
domain. Thus, copper or polycation binding to bS can not induce aggregation by relieving such
intramolecular contacts. Instead, we propose that cation binding to the C-terminal tail of bS
neutralizes the highly negative charge of the tail, and therefore reduces electrostatic repulsion

Sung and Eliezer Page 10

J Mol Biol. Author manuscript; available in PMC 2008 September 21.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



between bS monomers, facilitating the aggregation of the protein. We furthermore propose
that the same mechanism likely underlies the effects of polycation and metal binding on aS
aggregation. This mechanism readily accounts for the available data without requiring any
invocation of effects of cation binding on long-range structure within aS or bS.

Finally, lowering the pH of aS, bS or gS samples from 7.4 to 6.0 resulted in spectral changes
in the C-terminal tails of all three synucleins which resemble those induced by polycations
(Figure 8 and Figure 9), suggesting that at lower pH the C-terminal tails of all three proteins
may form interactions with cationic species. The most likely candidates for such species are
groups that acquire a greater positive charge upon the drop in pH, which should include the
primary amino group of each protein as well as any histidine residues. Because gS lacks
histidines but still exhibits a comparable effect, the primary amino groups are likely to play an
important role.

Thus, lower pH may induce or enhance interactions between the acidic C-terminal tails of all
three synucleins and their N-terminal amino groups, which would be consistent with the more
compact nature of all three proteins at low pH 14. The relation of such contacts to those
observed using PRE experiments in aS at pH 7.4 is unclear at present. The latter experiments
also suggest C-terminal to N-terminal contacts, and lowering the pH may simply strengthen
these interactions, which in the case of aS may occur at the expense of C-terminal to NAC
contacts. However, since lower pH is known to enhance the aggregation of aS 14, any pH-
induced long-range C-terminal to N-terminal contacts are unlikely to be protective against, and
instead may facilitate aggregation. If their formation reduces C-terminal to NAC contacts, it
remains possible that such a shift in long-range transient structure acts to increase the exposure
of the NAC region, and thereby increases the likelihood of aS aggregation. Low pH also
enhances gS aggregation, but a dramatic effect on bS aggregation was not observed 14.
Although no C-terminal to N-terminal or C-terminal to NAC contacts are detected using PRE
experiments in bS or gS at pH 7.4, low pH-induced C-terminal to N-terminal contacts could
act to alter other contacts such as those observed within the lipid-binding domains of each
protein.

Conclusions
Our results reveal a number of differences between the free states of aS, bS and gS. In particular,
residual secondary structure in bS is strongly affected by the 11-residue deletion in the NAC
region of this family member, resulting in the truncation of residual helical structure at position
65, the same location where the highly helical structure of the micelle-bound state of bS
becomes destabilized. In contrast, for both aS and gS residual helical structure persists through
the N-terminal lipid-binding domain. Thus, residual secondary structure in the synucleins is
found to be a good predictor of well-formed structure in folded states of these proteins, as has
been previously observed for a number of other systems 81; 82; 83; 84; 85; 86; 87. The C-
terminal tails of both bS and gS, like that of aS, populate more highly extended conformations,
but the extended region of bS is longer than that of either aS or gS, beginning immediately
after the end of the lipid-binding domain. For both aS and gS less extended structure persists
beyond the end of the lipid-binding domain, possibly reflecting the presence of an ordered, but
non-helical segment following the helical domains of both micelle-bound proteins 20; 61.

RDC measurements from weakly aligned synuclein samples corroborate the analysis of
residual secondary structure in the proteins, clearly reflecting the extended nature of the C-
terminal tails of all three proteins. However, the residual helical structure in the lipid-binding
synuclein domains, which closely tracks the highly helical folded structure of the proteins, does
not lead to the expected sign reversal of the measured RDC values. Such behavior was also
observed for certain regions, such as the G-helix, of acid-denatured apomyoglobin 66, and may
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reflect either compact pre-helical conformations or a mixture of transiently helical and
extended conformation. Further investigation will be required to resolve this matter. The RDC
data for all three synucleins appear to be adequately accounted for by local structural
preferences, and there is no clear need to invoke long-range structure to account for the RDCs.
In support of this view, PRE data show that neither bS nor gS possess the transient long-range
structure observed in aS, yet the RDC data for all three proteins are qualitatively and to some
extend quantitatively similar.

The absence of long-range contacts between the C-terminal tails and the lipid-binding domains
of bS and gS would suggest that these proteins should aggregate more rapidly than aS if such
contacts indeed retard aggregation, yet bS and gS are reported to aggregate more slowly than
aS. Although sequence alterations within the NAC region of bS and gS may in part account
for their reduced aggregation, this observation raises questions regarding the importance of the
interactions of the C-terminal tail of aS in aS aggregation. It is known that truncation of aS
enhances the fibril forming propensity of the protein 88; 89; 90. However, this observation can
be easily accounted for by the highly negative charge of the aS tail, which should disfavor
intermolecular interactions through charge repulsion. Polycation binding to aS is also known
to enhance its aggregation 69; 70 and was proposed to do so by perturbing interactions between
the C-terminal tail and the NAC region 71. Yet we do not observe evidence for such an effect
in our data, and furthermore cation-binding to the C-terminal tail of bS can also enhances the
aggregation of this protein, for which we have now demonstrated the absence of any long-
range interactions involving the C-terminal tail. Thus it seems more likely that the primary
effect of cation- or polycation-binding on synuclein aggregation may be attributed to charge
neutralization of the C-terminal tails of these proteins, and any effect on long-range structure
is likely to be secondary.

Although bS and gS lack long-range structure involving their C-terminal tails at pH 7.4, our
data show that their lipid-binding domains are relatively compact. Thus, it remains possible
that the arrangement of transient contacts within the lipid-binding domains of the free
synucleins plays an important role in modulating the availability of intermolecular interactions
sites for nucleating aggregation reactions. Indeed, our data suggest the existence of lipid-
binding domain contacts that are unique to bS and gS, and also indicate that pH changes have
the potential to alter such contacts. Nevertheless, in light of our observations that bS and gS
are if anything less compact than aS, and possess either comparable or reduced residual helical
structure, it seems most likely that the primary origin of the different in vitro aggregation rates
of the synucleins lies in the effects of amino acid substitutions on the local aggregation-
determining properties, such as overall charge, hydrophobicity, and secondary structure
propensity 91, of their primary sequences.

Methods
Materials

Recombinant aS, bS and gS were expressed in E. coli BL21 (DE3) using plasmid constructs
kindly provided by Dr. Peter Lansbury (Department of Neurology, Harvard Medical School).
To produce isotopically labeled proteins for NMR studies, saturated overnight LB-kanamycin
cultures were used to inoculate M9 minimal media made with uniformly labeled 13C-glucose
and/or 15N-ammonium chloride. Cultures were grown at 37 °C to an A600 nm of 0.5–0.6 at
which point protein expression was induced with 1 mM IPTG. Cells were harvested by
centrifugation 4 hours post-induction. Proteins were purified using a protocol identical to that
developed during previous studies of aS 15 involving ion-exchange and reverse-phase
chromatography and were stored at −20 °C after lyophilization.
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Circular Dichroism
Circular dichroism (CD) spectra were measured on an AVIV 62 DS spectrometer equipped
with a sample temperature controller. Far-UV CD spectra were monitored from 190 to 260 nm
at 10 °C using final protein concentrations of 1 mg/ml with a path length of 0.2 mm, response
time of 1 s, and scan speed of 50 nm/min. Protein concentrations were measured using
absorption at 280 nm.

NMR
NMR measurements were performed on samples dissolved in 100 mM NaCl, 10 mM
Na2HPO4, pH 7.4 in 90%/10% H2O/D2O as previously described for aS 15. NMR spectra were
acquired at 10 °C using either a 600 MHz Varian instrument (Weill Cornell) or 800 or 900
MHz Bruker instruments (New York Structural Biology Center). Pairs of HNCACB/
CBCACONH and HNCACO/HNCO triple resonance experiments were collected for each
protein to enable sequence-specific backbone and Cβ resonance assignments. Secondary
chemical shifts were calculated using the random coil shifts determined using hexapeptides in
1 M urea at pH ~5.0 58. We have found that the use of these random coil shifts yields the most
self consistent results for measurements under our conditions, as judged by fewer sporadic
large secondary shifts, and a greater degree of contiguity within the data 86; 92. Longitudinal
(R1) and transverse (R2) relaxation rates for the backbone 15N nuclei were recorded using
relaxation times of t1 = 10, 30, 80, 160, 640, 1280, and 1800 ms and t2 = 20, 34, 66, 85, 106,
130, 136, 154 and 178 ms. R2 data were measured using a pulse sequence employing a Carr
Purcell Meiboom Gill pulse train with a 900 µs delay between π pulses. To estimate noise
levels, duplicate spectra were recorded for t = 10, 80, and 640 ms (t1 spectra) and t = 66, and
178 ms (t2 spectra). R1 and R2 relaxation rates were determined by fitting resonance heights
as a function of the relaxation delay time using NMRview 93. 15N-(¹H) steady-state
heteronuclear NOE data were obtained as the ratio of peak heights in paired spectra collected
with and without proton saturation during the relaxation delay of 5 s. The experimental
uncertainty was estimated using the standard deviation of four pairs of spectra. All NMR data
were processed with NMRPipe 94 and analyzed using NMRView 93.

Residual Dipolar Coupling
Polyacrylamide gels were prepared with an acrylamide concentration CA of 7.7 % (w/v), and
bisacrlyamide cross-linker concentration CB of 0.4 %. Polymerization was initiated by addition
of 1% (w/v) ammonium persulfate and 0.1 % (v/v) N,N,N_-tetramethylethylenediamine
immediately prior to casting in a 5.4 mm diameter teflon cylinder. After polymerization, gels
were washed with distilled water with gentle agitation for three hours to remove extra unreacted
acrylamide. Then, gels were cut into approximately 1.3 cm lengths and dialyzed with the buffer
used for NMR experiments with gentle agitation for three hours. The gels were then soaked in
0.3 mM protein solution overnight for NMR experiments. The soaked gels were pushed into
open ended NMR tubes stretching the gels using a special apparatus (NewEra Enterprises, Inc)
as described 95. NMR spectra were acquired at 10 °C. The solvent deuterium quadrupolar
splitting was used to monitor the alignment. The 15N-¹H dipolar coupling was measured using
the HNCO based IPAP experiment 96. The 15N-¹H residual dipolar couplings were calculated
as the difference between scalar couplings measured in an isotropic sample and total couplings
measured in an aligned sample.

Paramagnetic Relaxation Enhancement
Since there are no cysteine residues in any of the three synucleins, site-directed mutagenesis
was used to substitute selected residues with cysteine. E20, A85, E110, P120, and A140 of aS
were selected for site-directed mutagenesis. In bS, E20, A74, E104, P114, and A134 were
selected for cysteine substitution, and in gS, E20, A85, E110, P120, and D127 were selected.
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The purified mutant proteins were labeled with 1-oxyl-2,2,5,5,-tetramethylpyrroline-3-methyl-
methanethiosulfonate (MTSL, Toronto Research Chemicals) as described 97. Paramagnetic
relaxation enhancement was measured by collecting ¹H-15N HSQC spectra using 0.25 mM
protein samples at 10 °C. For control samples, DTT was added to the MTSL spin-labeled
sample to reduce the nitroxide spin label from the protein. The intensities of cross peaks in the
¹H-15N HSQC spectra of both the spin labeled and reduced samples were measured and their
ratio calculated.

To calculate theoretical PRE curves, the distance between each residue and the spin label
attachment point was calculated assuming a Gaussian distribution of the root mean square end-
to-end distance for a random walk polypeptide 98; 99 according to:

< r 2 > = nl 2( 1 + α1 − α − 2α(1 − αn)

n(1 − α)2
) 1)

where r is the end-to-end distance between a given residue and the spin label site, n is the
number of chain links, l is the link length of the chain, taken to be 3.8 Å 100, and α is the cosine
of bond-angle supplements for the freely rotating chain model, which was set to a value of 0.8
based on experimentally determined estimates of statistical segment lengths in poly-L-alanine
99.

The paramagnetic contribution to the transverse relaxation rate, R2P was calculated from:

R2P = K

r 6
(4τC +

3τC

1 + ωH
2τC

2 ) 2)

where r is the distance between each residue and the spin label, K is 1.23 × 10–32 cm6s−2,
ωH is the Larmor frequency of a proton and τC is the effective correlation time for synucleins
(estimated at 4 ns based on NMR relaxation measurements) 101. Subsequently, the peak
intensity ratio between the paramagnetic (IP) and the diamagnetic (ID) states was calculated
from:

IP
ID

=
R2Dexp ( − R2Pt)

R2D + R2P
3)

where R2D is the transverse relaxation rate in the diamagnetic state, which was set to 4 s−1, the
approximate average R2 obtained by NMR for synucleins and t is the duration of the INEPT
delays (4 ms) in HSQC pulse sequence 102.

Chemical shift mapping
For studies of the interaction of aS with its homologues, ten-fold concentrated solutions of
unlabeled bS or gS were titrated into aS solutions to achieve final concentrations of 35 uM or
70 uM 15N-labeled aS in 100 mM NaCl, 10 mM Na2HPO4, pH 7.4, 90%/10% H2O/
D2O. 15N-¹H HSQC spectra were collected at 1:0, 1:1, 1:3 and 1:5 molar ratios of 15N-labeled
aS to unlabeled bS or gS at 10 °C. Samples for the inverse experiments were prepared similarly
by adding unlabeled aS to achieve final concentrations of 35 µM or 70 µM 15N-labeled bS or
gS at the same molar ratios of labeled to unlabeled proteins as above. For studies of synuclein
family member interactions with polycations, ¹H-15N HSQC spectra were collected for 70
µM 15N-labeled aS, bS, and gS in the presence of 100 µg/ml poly-L-lysine or 50 µg/ml poly-
L-argine (Sigma-Aldrich).

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sequence alignment of human aS, bS and gS produced by the program ClustalW 103. The
imperfect 11-residue repeats are delineated by spaces. Boldface characters indicate a difference
from the aS sequence.
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Figure 2.
¹H-15N heteronuclear single quantum coherence (HSQC) spectra of bS (A) and gS (B) at pH
7.4, at 10 ° C. Sequence-specific resonance assignments are indicated. Unlabeled peaks
correspond to side-chain resonances.
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Figure 3.
The deviation of Cα chemical shifts from random coil values (so called secondary shifts) for
bS (bars, top), gS (bars, bottom), and for aS (line, top and bottom) as previously published
46.
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Figure 4.
Comparison of the deviation of Cα chemical shifts from random coil values in the presence
(line) and in the absence (bars) of SDS micelles for aS (A), bS (B) and gS (C). Values for the
SDS-bound states are taken from previous reports 18; 20.
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Figure 5.
R1, R2 and steady state ¹H-15N NOE relaxation parameters at 800 MHz for backbone 15N nuclei
in aS (black ○), bS (red ◻), and gS (cyan △) at pH 7.4, at 10 ° C.
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Figure 6.
Paramagnetic Relaxation Enhancement for aS, bS and gS. The histograms represent the
intensity ratios for each resolved cross-peak in the ¹H–15N HSQC spectra of nitroxide spin-
labeled and reduced protein samples. Solid red lines indicated the broadening predicted using
an idealized random coil model of the polypeptide chain.
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Figure 7.
15N-¹H residual dipolar couplings for aS (bars, top), bS (bars, middle) and gS (bars, bottom)
in stretched polyacrylamide gels. Cα secondary shift values for each protein are overlayed onto
the RDC data as solid lines. Note that the RDCs are plotted on an inverted axis (i.e. negative
values are plotted above the zero line), in accord with convention.
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Figure 8.
Weighted average of chemical shift changes in the ¹H- 15N HSQC spectra for 15N-labeled aS
(A), bS (B) and gS (C) upon going from pH 7.4 to pH 6.0 (bars) and upon pH changes
accompanying the addition of five-fold molar excess unlabeled bS to 15N-labeled aS (A), five-
fold molar excess unlabeled aS to 15N-labeled bS (B), and five-fold molar excess unlabeled
aS to 15N-labeled gS (C) (solid red lines). The weighted average of the ¹H and 15N chemical
shifts of a given residue was calculated as [(Δδ²NH + Δδ²N/25)/2]1/2 104.
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Figure 9.
Chemical shift perturbations in ¹H- 15N HSQC spectra of 70 µM 15N-labeled aS, bS, and gS
in the presence of 100 µg/ml poly-L-lysine (A), and 50 µg/ml poly-L-argine (B). The weighted
average of the ¹H and 15N chemical shifts of a given residue was calculated as [(Δδ²NH +
Δδ²NN/25)/2]1/2. The insets provide a blow up of the chemical shift perturbations in the C-
terminal tail regions.
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