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Abstract

Mapping conformational changes of a-synuclein (a-syn) from soluble, unstructured monomers to
B-sheet-rich aggregates is crucial towards understanding amyloid formation. Here, we use Raman
microspectroscopy to spatially resolve conformational heterogeneity of amyloid aggregates and
monitor amyloid formation of segmentally 13C-labeled a-syn in real-time. As the 13C-isotope
shifts the amide-I stretching frequency to lower energy, the ligated construct, 13C;_g6'2Csg7¢.-140-
a-syn, exhibits two distinct bands allowing for simultaneous detection of secondary structural
changes in N-terminal 1-86 and C-terminal 87-140 residues. The disordered-to-p-sheet
conformational change is first observed for the N-terminal followed by the C-terminal region.
Finally, Raman spectroscopic changes occurred prior to Thioflavin T fluorescence enhancement,
indicating that the amide-I band is a superior probe of amyloid formation.

Graphical Abstract

Two peaks are better than one.

Native chemical ligation was used to segmentally label a-synuclein with 13C. This labelling
scheme results in two spectroscopically distinct amide-I bands that independently report on
region-specific conformational changes of the protein backbone. The N-terminal region was seen
to adopt B-sheet structure first in the formation of amyloid.
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Supporting information for this article is given via a link at the end of the document.

Experimental Section
Experimental details are available in the online supporting information.
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Parkinson’s disease (PD) is a neurodegenerative disorder that results from the death of cells
in the substantia nigraregion of the brain.!l A diagnostic hallmark of PD is the presence of
intracellular brain inclusions, called Lewy bodies, which contain high amounts of a-
synuclein (a-syn) amyloid fibrils, similar to the B-sheet-rich fibrils formed spontaneously by
a-syn in vitro-?! The primary sequence of a-syn is generally considered as three segments
with distinct molecular characteristics. The N-terminal residues 1-89 are amphipathic and
responsible for membrane binding, while most of the residues among 61-95 are nonpolar
and hydrophobic, known as the NAC (non-amyloid B component) region critical for fibril
formation.!3] The remaining C-terminal portion is highly charged with 15 carboxylic acids
and removal of this region promotes rapid aggregation of a-syn.[*] Notably, a-syn C-
terminal truncations are found inside Lewy bodies,!! reaffirming a strong connection
between a-syn aggregation propensity and PD. Consequently, understanding region-specific
molecular details that influence a-syn aggregation is crucial in elucidating its role in disease.

Much effort has been previously invested in using site-specific fluorescent and nitroxide-
spin probes to monitor a-syn fibril formation and structure.[®! Despite their utility in
measuring conformational and local environmental changes, these studies lack the ability to
directly yield secondary structural information. Raman spectroscopy is well-suited for this
application because the amide-I band is spectroscopically distinct for an unstructured
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polypeptide compared to a B-sheet-rich fibrillar aggregate (Figure S1), and therefore acts as
direct reporter of protein secondary structure.[”] Further, its high chemical specificity and an
insensitivity to aqueous background makes Raman spectroscopy particularly powerful for
observing a-syn aggregation under aqueous conditions.!8! Here, we use Raman
microspectroscopy and segmentally !3C-labeled a-syn to spatially resolve conformational
heterogeneity of amyloid aggregates and monitor amyloid formation of a-syn in real-time,
providing region-specific structural details.

Using our previously published a-syn construct and native chemical ligation (NCL)
protocol, [ uniformly !3C-labeled N-terminal residues 1-86 are covalently linked to the C-
terminal '2C-complement containing residues 87—140, referred to from here as
13C_g6'2Css7¢_140 or ligated-a-syn (Figure 1A). This strategy generates region-specific
Raman contrast within one a-syn protein and affords the ability to assign secondary
structural changes to respective polypeptide regions. As the protease-resistant core of a-syn
consists of residues 28—114.[81 both the 13C- and 2C-amide-I stretches will report on -
sheet formation during aggregation, with N-terminal region containing more of the amyloid
core residues. Our approach is analogous to a previous 2D-IR study on segmental 13C-
labeled yD-crystallin fibrils;19] however, to our knowledge, this is the first report of
segmental 13C-isotopic labeling used for Raman microspectroscopy.

The Raman spectrum of aggregated ligated-a.-syn clearly shows the vibrational changes due
to 13C-isotopic labeling when compared to that of aggregated uniformly-labeled !2C- and
13C-a- syn (30 uM protein in 10 mM NaOAc, 100 mM NaCl, pH 5, incubated at 37 °C)
(Figure 1B). For example, the carbonyl stretch of the peptide backbone (1666 cm™!, blue
curve) shifts to lower energies (1626 cm™!, red curve). This decrease in amide-I frequency
(40 cm™1) is in accord with literature values.[!1] In the ligated construct, we consequently
observe two distinct amide-I peaks: 13C=0 and 12C=0 in the N- and C-terminal residues
centered at 1626 and 1666 cm™!, respectively.

The relative Raman intensity ratio of the 13C:!2C amide-I peaks is 3:1 for ligated-a-syn,
which is consistent with the expected ratio from the p-strand assignments based on solid-
state NMR and cryoEM structures.[12] We also observe a large shift of the amide-III band
(1230 cm™! for '2C) in the ligated-a.-syn spectrum, suggesting this vibrational mode is
strongly influenced by the N-terminal region polypeptide backbone. Interestingly, we see
very little perturbation of the C-H deformation stretch (1450 cm™!) of ligated-a.-syn. This
suggests the C-H deformation vibrational mode is due largely to the rocking motion of the
hydrogens and is minimally perturbed by isotopic labeling. Figure 1C shows fibril
morphologies for ligated-a-syn are indistinguishable to those formed by 13C- and '2C-a-
syn, indicating chemical ligation is not perturbative to amyloid fibril formation.

At the nanoscopic-level, amyloid fibrils appear as thin filaments, tens of nanometers wide
and up to several microns long (Figure 1C). At the microscopic-level, the morphologies of
amyloid aggregates observed by brightfield microscopy are distinctly different from isolated
fibrils imaged by TEM and offer a new perspective on a.-syn aggregation. Figure 2A shows
the rough morphology of an insoluble a-syn aggregate (780 uM protein in 10 mM NaOAc,
100 mM NaCl, pH 5, incubated at 37 °C). Spectra in Figure 2B, which correspond to the
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spatial locations noted in the black outline in Figure 2A, show subtle differences in the peak
intensities of the 13C- and 12C-amide-I bands, observed at 1626 cm™! and 1669 cm™!,
respectively, indicative of structural variations. Additionally, second-derivative analysis
(Figure 2C), which is used to determine spectral components and peak shifts,!!3] shows the
peak width and position of the 2C amide-I (1669 cm™!) vary more than the 3C amide-I
band (1626 cm™!), suggesting a more heterogenous distribution of secondary structures in
the C-terminal residues. This observation agrees with prior literature that this region is more
disordered.['#] Furthermore, these structural differences suggest the C-terminal region is
influencing fibril structure, which is well documented for a-syn.[1>!

To observe secondary structural changes during amyloid formation, Raman spectra were
measured for two independent ligated-a.-syn aggregation reactions as a function of
incubation time (Run 1 at 780 uM and Run 2 at 550 uM protein in 10 mM NaOAc, 100 mM
NaCl, pH 5, incubated at 37 °C). For each time point, several Raman spectra were collected
at independent spatial locations and averaged. The full sets of individual Raman spectra for
each time point are shown in Figure S2 — S5. In Figure 3A, the Raman spectral evolution
upon a-syn aggregation is shown as Raman difference spectra (#,—¢y where n = the
indicated time point minus initial spectrum at time 0) for Run 1 (left) and Run 2 (right).
Similar kinetic trends are observed for both runs. For the first 1.5-1.75 h of aggregation, few
changes are seen in the spectral window 1525-1725 cm™!, where the broad amide-I bands
remain in relatively low intensity (Figure S2 and S4). As aggregation proceeds, the Raman
signal increases and there is a positive change in the difference spectrum. At 3.25 h, a peak
in the difference spectrum is now resolved for the !3C-amide-I band in Run 1, signifying
conformational changes within residues 1-86. We observe a similar peak at 3.5 h for Run 2.
Beyond 4 h, the Raman signature of B-sheet secondary structure can now be seen for the
12C-amide-I band, corresponding to the involvement of residues 87—140, and continues to
increase for the 13C-amide-I band. Interestingly, once B-sheet structure forms in the N-
terminal region, the Raman peak at 1626 cm™~! gains intensity, but does not change in peak
position. The '2C-amide-I band, however, narrows as aggregation proceeds, suggesting that
the C-terminal region is more dynamic and takes longer to become ordered compared to the
N-terminal region.

The normalized average intensities of the 13C-amide-I (1626 cm™'), 12C-amide-I (1669 cm
-1y and C-H deformation (1450 cm™!, Figure S3 and S5) stretchs were also compared as a
function of time (Figure 3B). From this analysis, we observe a lag phase for all peaks with
no changes from 0 to 1.5 h. Interestingly, the intensities for 13C- and '2C-amide-I bands in
Run 1 show local maxima at 2 h, suggestive of a kinetic intermediate, where there is more
change for the C-terminal residues (7.e. '2C=0 peak). This intermediate is not evident in Run
2, likely due to the stochastic and heterogenous process of aggregation. To elucidate the
nature of this intermediate would require further experiments in which a single aggregate is
monitored 7n situ over time.

After 4 h, we see dramatic intensity gain for all monitored frequencies, due to rapid amyloid
formation. When compared to a commonly used fluorophore, Thioflavin T (ThT), for
detection of amyloids,!1®] changes in the Raman spectrum precede ThT response, offering
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early structural insights not available through this standard assay. This early structural
sensitivity was also observed for 12C-a-syn (Figure S8).

Importantly, by coupling our Raman spectrometer to an inverted microscope, we are able to
spatially visualize and to interrogate individual aggregation events, which are obscured in
bulk measurements. At 0 h, there are no observable aggregates by brightfield imaging or
TEM (Figure 4A, top row). Correspondingly, the Raman spectrum measured at a single,
spatial location shows a broad amide-I band with low signal intensity (Figure 4B, red curve),
characteristic of soluble, ligated- a-syn. At 2h, small, round aggregates begin to appear in
brightfield microscopy, while TEM images reveal only nanometer-scale amorphous
aggregates (Figure 4A, middle row). Spectroscopically, the Raman signal of these small
aggregates shows a narrowing in the 13C-amide-I band, indicating the presence of B-sheet
structure in the N-terminal residues (Figure 4B, green curve). The 12C_amide-I band,
however, remains broad, suggesting a disordered conformation in the C-terminal region,
indicating that at early times, non-fibrillar intermediates contain - sheet secondary content
only in the N-terminal region. At 3.25 h, large aggregates with rough morphologies appear
in brightfied microscopy, and a few, short fibrillar structures are now observed by TEM
(Figure 4A, bottom row). Additionally, at 3.25 h, there is now a more prominent '2C amide-I
peak at the characteristic frequency for B-sheet structure along with a sharpened 13C amide-I
peak (Figure 4B, purple curve). This observation suggests that fibrils are populating only
after 3.25 h and that B- sheet formation in both N- and C-terminal region is needed.

Taken together, our data highlight the strength of coupling the chemical specificity of Raman
spectroscopy with the spatial resolution of a microscope to better understand the relationship
between the microscopic and nanoscopic events of amyloid formation. We see the formation
of insoluble aggregates, with - sheet structure, preceeds filament formation (as observed by
TEM) and enhanced ThT emission. Segmental 13C-labeling allows us to directly identify
that B-sheet structure first forms in the N-terminal region, followed by the C-terminal region
of ligated-a- syn. Further, we see that within a single, microscopic aggregate, the C-terminal
region is less uniform than the N-terminal region. From this work, we gain both molecular
and mechanistic insights into a-syn amyloid formation and we anticipate this strategy will
be broadly applicable to other studies of amyloid formation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
(A) Schematic representation of the ligated-a-syn construct used in this study. Residues 1—

86 and 87-140 are uniformly 13C- (red) and 2C-labeled (blue), respectively. (B) Raman
spectra of 12C-a-syn (blue), 13C-a- syn (red), and ligated-a-syn (black). Spectra vertically
offset for clarity. (C) Representative negatively-stained TEM images of fibrils formed by a.-
syn variants. Outline colors correspond to spectra in (B). Scale bar = 200 nm.
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(A) Bright-field image of ligated-a-syn aggregate probed by Raman microspectroscopy.

Raman mapping area is indicated by the black box and the numbers correspond to spatial

locations of measurements. Scale bar = 10 um. (B) Individual Raman spectra collected

within a ligated-a.-syn aggregate after 5.25 h incubation time. The numbers correspond to

locations as indicated in (A). (C) Second-derivative analysis of 13C- and 2C-amide-I bands

at 1626 and 1669 cm™!, respectively. Spectra are vertically offset for clarity and dashed lines

are drawn for ease of comparison.

Angew Chem Int Ed Engl. Author manuscript; available in PMC 2019 December 21.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Flynn et al.

>

Run 1

1626 cm™! 1669 cm™!

2000 ——
2 -3
[ ! —3.25h
2 1500 ="
£ pp—
[+ " ' — 0.5 h
E 1000 Raman Shift fcm') ;

[ "
£ :
o A
€ 500 :
E I‘
[}
e = e o Wl . O

1550 1600 1650 1700

Raman Shift (cm')
2> 10r . =
B -8~ 'C Amide-| 80 5
e -8~ C Amide-|
3 0.8F —e CHDeform m
£ = =« THT Emizsion + %_
-60
s 06 ) s
5 ’ 3
X 04 -40 E‘
9 c
N 3
= 02 420 @
x
£ 3
2 0.0 o do S
1 10
Time (h)
Figure 3.

Raman Difference Intensity

Normalized Raman Intensity

Page 9

Run 2

1626 cm™! 1669 cm”!
1 | — 24hh
— G

1.0

0.8}

0.6
04
0.2

0.0

1550 1600 1650 1700
Raman Shift (cm™)
rn40
L —o- "C Amide-l £
- C Amide-| "
=8~ CH Dafarm

= = « ThT Emission

TR K PP

e S
(,01 x syuno2) uoissiwz 1yy

o

1 10
Time (h)

(A) Raman difference spectra (¢, — #y) of amide-I region for two independent aggregation

reactions (left, Run 1; right, Run 2), n = the indicated time point minus initial spectrum at

time 0. Early time points are shown in inset for clarity due to large differences in intensity
scales. (B) Comparison of 13C-amide-I, 12C-amide-I, C-H deformation (left axis), and ThT
emission intensity (right axis) as a function of aggregation time for the two independent

aggregation reactions shown in (A). The changes in the Raman peaks have been normalized

for comparison.
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Figure 4.
(A) Representative brightfield (left column) and negatively-stained TEM (right column)

images of ligated-a-syn at O h (red outline), 2 h (green outline, and 3.25 h (purple outline)
for Run 1. Brightfield scale bar = 25 um, TEM scale bar = 200 nm. (B) Amide-I region of
Raman spectra collected at spatial locations indicated by colored dots in brightfield images
in (A).
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