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Abstract

Amyloid diseases are characterized by the aggregation of various proteins to form insoluble
B-sheet rich fibrils leading to cell death. Vibrational spectroscopies have emerged as attractive
methods to study this process due to the rich structural information that can be extracted without
large, perturbative probes. Importantly, specific vibrations such as the amide-I band directly
report on secondary structure changes, which are key features of amyloid formation. Beyond
intrinsic vibrations, the incorporation of unnatural vibrational probes can improve sensitivity for
secondary structure determination (e.g. isotopic labeling), provide residue-specific information of
the surrounding polarity (e.g. unnatural amino acid), and are translatable into cellular studies.
Here, we review the latest studies that have leveraged tools from chemical biology for the
incorporation of novel vibrational probes into amyloidogenic proteins for both mechanistic and
cellular studies.

1. Introduction

Amyloid diseases, including Alzheimer’s (AD), Parkinson’s (PD), Huntington’s, and type-II
diabetes are a collection of protein misfolding diseases defined by the aggregation of various
proteins into amyloid fibrils [1,2]. Amyloids are unbranched, filamentous assemblies rich

in B-sheet secondary structure. A universal characteristic is the perpendicular alignment of
the individual B-strands with respect to the fibril axis, known as the cross-B conformation,
where the dominant interaction is hydrogen-bonding of backbone carbonyls (C=0) and
amides (N-H) between monomeric units [3,4]. Additional side chain interactions such as
steric zippers [5], salt bridges [6], and -7t stacking [7] can contribute to stabilizing amyloid
structure formation.
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The propagation of amyloid structures through self-templating is intrinsic to their formation
and has been implicated in cell-to-cell transmission in some amyloid diseases [8-10].
Amyloid formation is an inherently stochastic process, making it highly sensitive to
molecular perturbations. Solution conditions (e.g. pH, ionic strength, and temperature), post-
translational modifications (e.g. acetylation, phosphorylation, glycosylation), and disease-
related missense mutations have been demonstrated to dramatically alter not only the rate of
aggregation but also the final fibril structure [11-14].

Fibril structural complexity and polymorphism have attracted interest in the application
of vibrational spectroscopies to their studies [15]. In the context of protein structure,
vibrational spectroscopies are particularly sensitive to changes in the amide-1 band, which
is composed primarily of the backbone carbonyl (C=0) stretching mode. Backbone
interactions give rise to vibrational coupling between carbonyls, leading to amide-I
frequencies that are characteristic for secondary structural motifs such as p-sheets. Amyloid
fibrils are particularly amenable to vibrational spectroscopies due to the strong coupling
of the carbonyls in the cross-B structure enhancing the intensity of the amide-I band
[16-18]. Fourier-transform infrared spectroscopy (FTIR) has been extensively employed
to characterize B-sheet structure in numerous amyloids /n vitro [19], while Raman studies
have been more limited by comparison.

Given the sensitivity of amyloid structures to solution conditions, it would be pertinent to
perform secondary structural analysis in cells as it is not yet well understood how different
cellular compartments and environments impact fibril structure and propagation. Case in
point, recent structures of tau fibrils determined by cryoelectron microscopy of patient
samples reveal that tau adopts unique structures in AD, chronic traumatic encephalopathy,
Pick’s disease, and corticobasal degeneration, suggesting an intimate relationship between
amyloid structure and disease phenotype [20]. More recently, a-synuclein (a-syn) fibril
structures derived from patient samples of multiple system atrophy (MSA) and PD are
also distinct [21,22]. In principle, vibrational techniques are capable of detecting p-sheet
formation even in the early stages of aggregation, and assignment to specific residues

is possible [15,19]. However, there are technical challenges to overcome due to spectral
interference from endogenous biomolecular vibrations and, in the case of IR, strong water
absorbance near the amide-I band.

In our own work, we have used Raman spectroscopy to study fibril formation of a-syn
[11,23-25], which is the main amyloidogenic protein involved in PD, MSA, and dementia
with Lewy bodies [26]. Notably, we have worked on the development of Raman probes
towards fibril characterization in cells by Raman spectral imaging [27,28], where we have
coupled a spectrometer to an inverted microscope to permit the acquisition of Raman spectra
at multiple spatial locations. This is an important endeavor as there is substantial interest

in observing where protein aggregation is initiated in the cell as well as to discern whether
structural differences exist between aggregates in distinct cellular compartments. As part

of this effort, we have utilized both isotopic labeling and unnatural amino acids (UAA) to
facilitate these studies [27-29].

Curr Opin Chem Biol. Author manuscript; available in PMC 2022 October 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Watson and Lee

Page 3

In this Review, we highlight work from the last three years leveraging chemical biological
approaches such as expressed-protein ligation, metabolic labeling, and biosynthetic
incorporation to install different vibrational probes in amyloidogenic proteins in vitro
and in cells. Two major classes of vibrational probes are discussed—isotopic labeling
and UAA incorporation. Isotopic labels offer the advantage of minimal perturbation and
can enable site-specific examination of secondary structure, while UAAs can be used

to introduce a wide variety of chemically and spectrally unique groups. The application
of chemical biology to incorporate vibrational probes has significant potential to enable
spectroscopic interrogations of protein misfolding and aggregation in cellular systems,
which will contribute towards the mechanistic understanding of amyloid fibrils and their
behaviors in diseases.

2. Isotopic Labeling

One approach to extracting residue-specific information is the use of isotopic labeling

to shift vibrational modes of interest into a unique spectral region. Replacement of any
nuclei involved in a vibrational mode, such as 13C-labeling of a backbone carbonyl

shifts that vibrational mode to lower wavenumbers due to the change in reduced mass.
Isotopic labeling has long been an attractive strategy in large part due to the minimally
perturbative nature of these modifications. In its simplest form, isotopic labeling can be
easily accomplished by expressing the protein of interest in isotope-enriched media or
through use of isotopically-labeled amino acids in solid-phase peptide synthesis (SPPS).
Okada et al. recently exemplified this approach in a study of amyloid-p (Ap), which is

the amyloidogenic protein involved in AD [30]. The authors incorporated 13C-carbonyls at
specific sites using SPPS and measured carbonyl coupling in the B-sheet structure of these
aggregates by FTIR. Using curve-fitting analysis, it was concluded that Ap aggregates on
GML1 lipid clusters are composed of unusual mixed parallel/antiparallel p-sheets, which are
not observed for A fibrils formed in solution.

Spectral resolution can be further enhanced by double isotopic labeling, such as by 13C180-
carbonyl labeling as demonstrated in prior work [31-33]. Zanni and coworkers have made
extensive use of 13C180-labeling in their two-dimensional IR (2D-IR) experiments with
human islet amyloid polypeptide (hIAPP), which forms extracellular amyloid plaques in
type-I1 diabetes [34,35]. For a full discussion on 2D-IR, we refer the reader to the many
reviews on the topic [36—39]. Briefly, separate pump and probe lasers are used to produce
a correlation map of vibrational coupling between functional groups. Interactions between
residues appear as off-diagonal peaks in a manner analogous to two-dimensional NMR
experiments, though 2D-IR is sensitive to events on much faster timescales. In addition

to enhanced structural information, this method also offers significant improvements in
sensitivity. 2D-IR has been used to identify amyloid in human cataracts and a novel hIAPP
polymorph in human serum as well as in the design of a biosensor of protein structure [40—
42]. More recently, Maj ef al. demonstrated 2D-IR methods to study interactions between
specific residue pairs by double-labeling hIAPP with 13C180, revealing the existence of
transient helical structure preceding oligomer formation [43]. Isotopic labeling can also

be employed to probe side chain interactions, such as DeGrado and coworkers’ recent
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demonstration of GIn ladder formation in Tauzgpg_311 and a yeast prion-derived peptide using
a 13Cc180-labeled Gln sidechain [44].

2.1. Raman study of segmentally 13C-labeled a-synuclein

Through the use of segmental 13C-labeling, we extended this approach to the study of
specific polypeptide regions in a-syn [29]. Intein-mediated ligation was used to prepare
a-syn uniformly labeled with 13C in the first 86 residues and 12C in the remaining 54
C-terminal residues (Fig. 1A). To accomplish this, a-syn was expressed in two segments

in £. coli. This approach is analogous to a previous 2D-IR study by Moran et a/. on the
aggregation mechanism of segmentally 13C-labeled -yD-crystallin [45]. Briefly, residues 1—
86 were expressed with a C-terminal intein-tag followed by a chitin binding domain in
13C-enriched media, while residues 87—140 with a Ser-to-Cys mutation at position 87 were
expressed in natural isotope abundance media. Autocleavage of the intein in the presence of
a thiol produces an C-terminal thioester that reacts with the mutant Cys residue to generate
the ligated S87C-a.-syn with residues 1-86 and 87—140 uniformly labeled with 13C and
12¢, respectively. This ligation reaction was performed as a one-pot synthesis, where the
C-terminal fragment was supplemented in the cleavage buffer as the protein is released from
the chitin column. Due to the intrinsically disordered nature of a-syn, the coupling was
facile.

The ligated protein produces two discrete amide-1 bands in the Raman spectrum, permitting
simultaneous secondary structural analysis of both regions (Fig. 1B). Raman spectral
imaging enabled examination of early aggregates, which revealed the existence of a kinetic
intermediate that displays a sharp 13C-amide-I peak, but a broad 12C-amide-1 band. This
suggests that early aggregation of a-syn involves the formation of p-sheet structure in the
N-terminal region that later propagates into the C-terminal region of the protein. This work
underscores the strength of coupling the chemical biological approach of chemical ligation
with vibrational spectroscopy which provides unique information on secondary structure.

2.2. Raman spectral imaging of 13C2H15N-labeled a-synuclein fibrils in cells

Recently, we reported a different approach using uniformly 13C2H15N-labeled a-syn. The
advantage here is the capability of resolving a-syn from endogenous proteins in a cellular
environment due to the presence of the 13C-2H stretching bands, which appear in the center
of the cellular quiet spectral region (Fig. 2A). The cellular quiet region is a region of the
vibrational spectrum from ~1800 to 2400 cm ~1 where no naturally-occurring biomolecules
are vibrationally active.

This isotopically labeled protein was used to examine fibril endocytosis, which is thought
to be a key component of disease progression in synucleinopathies [46]. In this process,
healthy cells uptake fibrils which seed amyloid formation of the endogenous soluble a.-syn,
leading to fibril propagation and cytotoxicity. Preformed 13C2H15N-labeled fibrils were fed
to cultured mammalian cells and mapped by Raman spectral imaging to examine the fate of
these endocytosed fibrils (Fig. 2B) [28]. Our data demonstrate that the 13C2H15N-amide-
band can be resolved from other cellular vibrational signals and that the strong 13C-2H
stretching bands enable background-free mapping of exogenous a-syn in cells (Fig. 2C).
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Comparison of the amide-I band to the 13C-2H stretching modes, which are relatively
insensitive to structural changes indicate that there is no appreciable loss of p-sheet structure
upon endocytosis within our experimental timeframe of 24 h. In addition, we observed

that the internalized fibrils largely accumulate at the cellular periphery, colocalizing

with proteins and lipids. Interestingly, we observed lipid accumulation throughout the
cytoplasm. This work demonstrates unambiguous localization of internalized fibrils and
direct observation of B-sheet structure of amyloid fibrils in cells.

2.3. Stimulated-Raman imaging and selective deuteration of GIn residues of polyQ
aggregates in cells

Isotopic labeling has recently been demonstrated for imaging aggregates formed from
endogenous proteins. PolyQ diseases, including Huntington’s disease are characterized by
translation of long chains of glutamine residues at the C-terminus of proteins such as
Huntingtin [47]. These polyQ repeats trigger intracellular amyloid formation and subsequent
cell death. Miao and Wei took advantage of the enrichment of Gin in these aggregates by
introducing deuterium dab el ed Gin into the growth media of cells expressing these proteins
[48]. Cells were imaged using stimulated Raman scattering (SRS), a two-photon approach
which offers significantly enhanced intensity for a targeted vibrational mode compared

to spontaneous Raman events [49]. Notably, it was suggested that comparable contrast is
achieved to that of GFP fluorescence or fluorophore staining. Since Raman imaging is
quantitative, it is superior to fluorescence methods, which can be complicated in very high
density aggregates due to self-quenching or impermeability to exogenous fluorophores. The
structure of intracellular aggregates was further interrogated by SRS analysis of the amide-I
band. Interestingly, a blue-shift associated with B-sheet enrichment was not detectable, in
agreement with other recent work [50]. Although this approach is not widely applicable

as most amyloids are not so highly enriched in a single amino acid, the sensitivity of this
technique stands out from other vibrational imaging methods in cells.

3. Unnatural Amino Acids

Although isotopic labeling offers the advantage of being inherently nonperturbative, the
choice of labels and methods for site-specific incorporation are quite limited, especially /n
vivo. An alternative approach is UAA incorporation, which can be used to introduce a wide
variety of chemically and spectroscopically unique functionalities into proteins. UAAs have
been incorporated into a variety of peptides and proteins both by SPPS and chemical biology
methods. UAAs such as 4-cyano-L-phenylalanine and azidohomoalanine are well studied
and successful vibrational probes of protein folding [51-53]. In the context of amyloids,
the use of UAASs as infrared probes has been largely limited to synthetic peptides [54-56].
One recent study, Pazos et al. employed two UAAS to examine AB1g_22 hydrogen-bonding
dynamics [57]. They introduced an ester group v7aan Asp derivative, L-aspartic acid
4-methyl ester (D)) and a second UAA, Lys(Nvoc) to improve fibril homogeneity. The
authors used the unique vibrational band of Dy, to demonstrate that this position is exposed
to two distinct chemical environments, one which is buried and the other solvent-exposed.
Using the structural constraints from the FTIR data, a structural model of two antiparallel
B-sheets packed parallel to one another was proposed. In a demonstration of the exquisite
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time resolution of vibrational spectroscopies, the authors also examined 2D-IR picosecond
spectral diffusion dynamics to detect the Dy, carbonyl switching between H-bonds with
individual hydrogens on a Lys amino-group.

3.1. Homopropargylglycine, a terminal alkyne Raman probe for cellular studies

In cells, the most straightforward method of unnatural amino acid incorporation is
biosynthetic incorporation, which we employed in our own work with the alkyne-containing
amino acid homopropargylglycine (HPG). HPG is a methionine analogue and was first
introduced into proteins by Tirrell and coworkers, although they used it for bioorthogonal
fluorophore labeling [58-60]. Others have used it as a metabolic label of the proteome in
stimulated Raman imaging [61]. Here, HPG was introduced into a-syn biosynthetically in
E. coli[27]. Because cells cannot distinguish HPG from methionine, Met residues can be
readily replaced with HPG in a Met-auxotrophic strain of £. coli (Fig. 3A). The stretching
vibrational mode of the alkynyl functional group appears at ~2110 cm~1 in the middle of
the cellular quiet region (Fig. 3B). The alkyne moiety is sensitive to the polarity of its local
surroundings, shifting to lower energies in more hydrophobic environments.

Since a-syn contains four native Met residues at positions 1, 5, 116 and 127, the alkyne
stretching band of HPG-labeled a.-syn simultaneously reports on the local environments of
the N-and C—termini. To examine these ends independently, a C-terminally truncated variant
comprising residues 1-115 was also studied. Whereas the alkyne stretching bands of HPG-
a-syn and HPG-a.-synq_115 fibrils were similar in vitro, the peak narrowed and blue-shifted
for HPG-a-syn;_115 when measured in cultured N27 rat dopaminergic cells (Fig. 3C). This
suggests that the N- and C-termini experience very different local environments in cells,
despite recent cryo-EM structures indicating that neither region is well-structured in the
fibrillar state (Fig. 3A) [24,62,63].

By coupling HPG- and 13C-labeling of a-syn, it was also possible to analyze protein
secondary structure in the cellular environment, which suggested that although removal
of the C-terminus did not significantly affect p-sheet formation, it did lead to reduced
lipid accumulation. To our knowledge, this is the first Raman study of protein-lipid
interactions and amyloid formation using HPG. Furthermore, it is also the first reported
direct observation of B-sheet secondary structure and region-specific differences in a-syn
fibrils in cellular environments.

4. Conclusions and Outlook

The vibrational spectroscopic studies reviewed here exemplify the utility and versatility

of the probes and methods available to study amyloids from the atomic to cellular scale.
Vibrational probes can be very small and minimally perturbative, making them particularly
attractive in amyloid formation studies. Though a variety of vibrational probes have been
incorporated into amyloidogenic proteins by SPPS, the work reviewed here demonstrates
the efforts to extend this approach to a wider array of amyloids. Despite their potential,
vibrational studies in cells are underexplored, highlighting a tremendous opportunity for
further advances in this area. As amyloid research moves towards understanding fibril
formation by larger, more complex proteins and in cellular environments, new methods
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of vibrational probe incorporation are needed. Perhaps the most notable absence among
these methods is UAA incorporation using evolved aminoacyl-tRNA/tRNA pairs (215%-pair
technology). This approach has been employed to incorporate a variety of vibrational probes
for protein folding studies, but remains an untapped resource in amyloid research. It has
been demonstrated in prokaryaotic and eukaryotic expression systems, as well as cultured
mammalian cells, making it an attractive and vetted method for both in vitroand in cellulo
studies [64]. As this field continues to develop, we expect that chemical biology will play an
increasingly prominent role in vibrational spectroscopic studies of amyloid formation.
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PD Parkinson’s disease

FTIR Fourier-transform infrared spectroscopy
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MSA multiple system atrophy
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AB amyloid-B

2D-IR two-dimensional infrared spectroscopy
hlAPP human islet amyloid polypeptide
MESNA 2-mercaptoethanesulfonate

SRS stimulated Raman scattering

Dwm L-aspartic acid 4-methyl ester

HPG homopropargylglycine
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Figure 1.
Expressed-protein ligation enables the creation of S87C-a.-syn segmentally labeled with

13C and 12C at residues 1-86 and 87-140, respectively. (A) a-Syn;_gg is expressed with

a C-terminal intein-tag in 13C-media, while S87C-a-syn is expressed in natural isotope
abundance media. A one-pot reaction is carried out where autocleavage of the intein-tag in
the presence of 2-mercaptoethanesulfonate (MESNA) leads to covalent ligation of the N-and
C-terminal segments of the protein. (B) The 13C-and 12C-labeled segments of the fibrils
produce two amide-I bands, enabling independent analysis of their secondary structures.
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(Inset) Fibril structure of a-syn with the 13C-and 12C-labeled fragments colored red and
blue, respectively. Data originally published in [29].
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Figure 2.

Ra?man spectral imaging of internalized 13C2H15N-a-syn fibrils in cells. (A) 13C2H1°N-a.-
syn (cyan) possesses several unique Raman features that distinguish it against a cellular
background (gray). The amide-I band is shifted to lower energy relative to endogenous
amide-I and lipid C=C stretching bands, and the 13C—2H stretching bands appear in

the cellular quiet region. (B) Schematic representation of our experimental conditions
where 13C2H15N-a-syn fibrils formed /n vitro (cyan) are added in media and readily
uptaken by cultured mammalian cells. (C) Raman maps of internalized fibrils (cyan) and
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comparison to the localization of cellular components (magenta) by integrating over spectral
regions characteristic of nucleotides, proteins, and lipids in human SK-MEL-28 cells (Top).
Colocalization appears as white pixels. (Bottom) An example Raman spectrum measured

at a pixel where a-syn fibrils are colocalized with endogenous proteins. Integrated spectral
regions are indicated. Data originally published in [28].
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Figure 3.

Biosynthetic incorporation of HPG, a Met analogue, into a-syn as site-specific Raman
probes. (A) Structures of Met and HPG. HPG is readily incorporated into a-syn by
Met-auxotrophic £. coli. Schematic of a-syn sequence showing acidic (red) and basic
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(blue) residues, as well as the fibrillar core determined by cryo-EM and the locations of
Met residues replaced with HPG (asterisks). The C-terminal truncation site (115) is also
indicated. (B) In the Raman spectrum, the alkyne stretching mode (C=C) of HPG-a-syn

(purple) appears in the quiet region of the cellular background (black). (C) The alkyne
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stretching band of HPG-a-syn_115 in cells (cyan) is narrower and blue-shifted relative

to full-length HPG-a-syny_14¢ fibrils in vitro (purple) and in cells (magenta) as well as
HPG-a-syny_115 in vitro (blue).The cell background (black) is shown for comparison. Data
originally published in [27].
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