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Abstract

While protein aggregation is a hallmark of many neurodegenerative diseases, acquiring
structural information on protein aggregates inside live cells remains challenging.
Traditional microscopy does not provide structural information on protein systems.
Routinely used fluorescent protein tags, such as Green Fluorescent Protein (GFP), might
perturb native structures. Here, we report a counter-propagating mid-infrared
photothermal imaging approach enabling mapping of secondary structure of protein
aggregates in live cells modeling Huntington’s disease. By comparing mid-infrared
photothermal spectra of label-free and GFP-tagged huntingtin inclusions, we demonstrate
that GFP fusions indeed perturb the secondary structure of aggregates. By implementing
spectra with small spatial step for dissecting spectral features within sub-micrometer
distances, we reveal that huntingtin inclusions partition into a B-sheet-rich core and a a-
helix-rich shell. We further demonstrate that this structural partition exists only in cells
with the [RNQ?*] prion state, while [rnq] cells only carry smaller B-rich non-toxic
aggregates. Collectively, our methodology has the potential to unveil detailed structural
information on protein assemblies in live cells, enabling high-throughput structural
screenings of macromolecular assemblies.

Keywords: Vibrational Spectroscopy; Protein Aggregation; Secondary Structure;
Synthetic Biology; Huntington's Disease

Introduction

Neurodegenerative diseases (NDs) share the common pathogenic mechanism of the
accumulation of insoluble protein aggregates in the form of amyloid fibrils.= The formation
of amyloid fibrils has been extensively studied in vitro, using conventional spectroscopic
approaches!? and biophysical characterizations!®l. Recent breakthrough in solid-state
nuclear magnetic resonance spectroscopy (ssSNMR)¥ and cryo-electron microscopy
(cryo-EM)BI |ed to determination of the atomic structure of amyloid fibrils. However, these
in vitro studies on isolated fibrils do not take into account the complex environment in
which aggregates form and elongate.

With the combinations of advanced microscopyl® and genetic engineering!”,
fluorescent dyes!® and fluorescent protein fusions have been used to study protein
aggregates in cells. However, fluorescence microscopy alone does not provide structural
information. Additionally, fluorescent proteins may lead to oligomerization or aggregation
and further complicate the study.®! Recently, cryo-electron tomography (cryo-ET) has
been used to visualize the 3D structure of polyQ aggregates in situ in yeasts.[*%l However,
due to the complicated sample preparation, it only allows one snapshot in time.

Recently developed mid-infrared photothermal (MIP) microscopy,!*!l also called
optical photothermal infrared (O-PTIR) microscopy, opens a new way to structural studies
of protein aggregates in live cells. MIP is a vibrational spectroscopic imaging technique,
where a visible probe beam detects the photothermal effect induced by the mid-infrared
(mid-IR) absorption. MIP simultaneously offers high spatial resolution with the visible
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probe, and rich chemical and structural information through the mid-infrared pump.t MIP
imaging of subcellular structures in live cells has been successfully demonstrated in
cancer cells and neurons.'12 2 Moreover, MIP is a quantitative technique, particularly
suitable to study the structure of protein aggregates. The amide | band from C=0
stretching vibration of the protein backbone, correlates predictably to protein secondary
structure. Amide | quantification is a conventional Fourier transform infrared (FTIR)
application in vitro.'¥ Using a commercial mIRage O-PTIR microscope, Oxana
Klementieva and coworkers mapped B-sheet aggregation by intensity ratio of the 1630
cm! peak over the 1650 cm™ peak in primary neurons cultured with synthetic AR(1-42)
and showed structural polymorphic amyloid-B aggregates in AD transgenic neurons.!*4
More recently, Jian Zhao et al. developed a fluorescence-guided bond-selective intensity
diffraction tomography and achieved 3D visualization of intracellular tau fibrils by B-sheet
structures in human cells seeded with extracted tau fibril.!3! Craig Prater et al. combined
wide-field epi-fluorescence imaging with O-PTIR to perform spectroscopic analysis with
the guidance of fluorescent amyloid tracers or amyloid-specific antibodies.[*®l These
studies were limited to aggregates in fixed cells or cryo-dried tissues, and full potential of
MIP for structural analysis in single live cells remains untapped.

Here, we built a counter-propagating MIP system integrating fluorescence as
guidance for spectral analysis. Additionally, we developed a wide-field fluorescence-
detected MIP setup and harnessed fluorescent proteins as thermal reporters. We applied
these systems to study live cells of a well-established eukaryotic model of protein
aggregation*], where yeast cells express the highly aggregation-prone protein huntingtin,
involved in Huntington’s Disease.*8l We first confirmed B-sheet enrichment in aggregates
in a high throughput manner. We performed MIP spectroscopy of fluorescent huntingtin
aggregates and, using its spectral features, we learnt to achieve label-free identification
of protein aggregates. In this way, we demonstrated that fluorescent protein fusion
perturbs the structure of the aggregate. Next, multispectral MIP imaging revealed a spatial
distribution of structurally distinct components within the inclusion, with a core highly
enriched in B-sheet and a shell dominated by a-helix. Finally, we discovered that the
structural partition is caused by the yeast prion [RNQ*]. Altogether, our work
demonstrates the potential of MIP micro-spectroscopy for structural dissection of protein
aggregation processes in live single cells.

Results and Discussion

Principle of MIP Analysis of Protein Secondary Structure in Live Cells

Protein aggregation and, more specifically, amyloid formation are key hallmarks of
multiple neurodegenerative diseases.[*® Disease-relevant proteins, such as the
huntingtin protein in Huntington’s Disease (HD), accumulate intracellularly into large,
ordered structures. In vitro characterizations including NMR[% and cryo-EM.[P 21
revealed that these aggregates are organized in stacked polypeptides in B-sheet
conformation, arranged in a fibril. However, it is challenging to translate these in vitro
structural insights to the physiological and cellular state of protein aggregates. Cryo-EM[??
and PALM2%l have been used for structural analysis on aggregates within cells. These
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approaches either involve technically complex and expensive instruments, or are
extremely labor intensive, preventing the analysis of multiple cells at a time.

Here, we showcase MIP microscopy as a new tool for structural analysis of protein
aggregates in live cells (Figure 1A). We used live cell MIP imaging to study protein
aggregates in their native environment, selecting yeast as a eukaryotic model of protein
aggregation. Mid-infrared light provides rich chemical and structural information while the
tightly focused visible probe light provides high spatial resolution that enables imaging of
small protein aggregates inside live yeast cells. To acquire secondary structure
information of protein aggregates, we focused on the amide | region of MIP. Amide | band
vibration originates mainly from the C=0 stretching in the peptide bonds of the protein
backbone, directly associated to the backbone conformation. Amide | band is therefore
most sensitive to protein secondary structure.[*3?. 134l Second derivative analysis and
deconvolution of the amide | band reveal component peaks, which can be assigned to
different secondary structures.[*3d MIP spectrum is faithful to the conventional IR
absorption spectrum and allows quantitative measurements for structural study, as MIP
intensity is linearly proportional to the number density of molecules.!*!a Therefore, MIP
enables quantifiable secondary structural analysis of protein aggregates in live yeast cells.

The contrast mechanism of MIP imaging is explained in Figure 1B. Mid-infrared and
visible laser beams are focused to the same spot. The selective absorption of mid-infrared
causes a local temperature change. This photothermal effect origins from the vibrational
transition after absorbing mid-infrared, and the subsequent nonradiative thermal
relaxation.''d The sample is heated up locally by the ultrashort mid-infrared pulses, and
gradually cools down through thermal diffusion. As fluorescence intensity decreases with
increasing temperature, the photothermal effect can be detected by fluorescence.?4
Alternatively, this temperature change leads to thermal expansion and changes in
refractive index, detectable by measuring the differential in scattering.''a Hence,
detecting mid-infrared absorption by visible light greatly improves spatial resolution while
providing rich chemical information.

A Eukaryotic Model of Protein Aggregation

The onset of neurodegenerative diseases is intimately associated with progressive
degeneration of cell proteostasis.l?®! Since the proteostasis machinery is conserved
across eukaryotes, and Saccharomyces cerevisiae, also called budding yeast, is a fast-
growing organism that enables introducing genetic manipulations simply, rapidly and
inexpensively,l'’l yeast is a particularly effective model system for neurodegenerative
diseases.?8l We therefore leveraged a well-established model for protein aggregation in
yeastl?] that recapitulates certain aspects of an hereditary neurodegenerative disease,
called Huntington’s Disease (HD).'”l HD is caused by an expanded CAG trinucleotide
repeatin the exon 1 of HTT gene, coding for huntingtin (htt) protein. The codon expansion
leads to an abnormally long polyglutamine (polyQ) sequence in the mutant htt protein.[8l
There is a well-established correlation between htt polyQ length, its propensity to form
insoluble aggregates and the age of onset of the pathology: htt with larger polyQs is more
aggregation prone and more toxic than short polyQ htt. 128l

In our system, exon 1 of protein huntingtin is conditionally overexpressed in a strain
of S. cerevisiae. Overexpression of htt is known to cause aggregate formation,
recognizable as puncta or foci by Thioflavin-S staining (or fluorescent foci, when the
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protein is tagged with a fluorophore).l?® The protein fragment formed by exon 1 retains
both the intrinsically disordered 17 N-terminal amino acids (N17) and the proline-rich
region (PRD) directly C-terminal to the polyQ. We considered a suite of mutants with
polyQ length ranging from 19Q to 159Q. We then fused htt to a fluorescent protein (htt-
FP). To regulate htt expression, we used a recently developed B-estradiol induction
system (Figure 1C).% This orthogonal inducer for htt expression reduces confounding
effects, such as metabolic changes due to change of carbon source and acute
cytotoxicity.[*1] We confirmed that htt-FP expressed in this setting would cause toxicity to
cells, by monitoring growth curves of cells expressing either htt19Q-FP (non-aggregation
prone) or htt103Q-FP (highly aggregation-prone). Indeed, htt103Q-FP imposes a visible
growth defect to cells (Figure S1). We then monitored aggregate formation in yeast cells
using fluorescence microscopy, by tracking the formation of bright fluorescent foci. Cells
expressing soluble proteins (i.e. with low polyQ number, such as htt19Q-FP) would not
accumulate fluorescent foci, but instead would show diffuse fluorescence,?”! whereas
only cells overexpressing the aggregation-prone mutant of htt-FP would form clear foci
(Figure 1D and S2). We used the formation of fluorescent foci as a guide for MIP analysis.

Wide-field Fluorescence-detected MIP Reveals B-sheet Enrichment in htt
Inclusions

The inherently high compatibility between MIP and fluorescence imaging enabled
us to combine the rich chemical information of MIP with the high specificity of widely
available fluorescent tools.? To characterize the secondary structure of protein
aggregates, we initially fused htt protein with a green fluorescent protein (GFP). We first
harnessed GFP as a sensitive sensor of temperaturel?¥ in wide-field MIP. We describe
the concept of high-throughput single-inclusion structural analysis by wide-field
fluorescence-detected MIP in Figure S2. Briefly, wide-field fluorescence imaging of
yeast cells enabled simultaneous analysis of tens of htt103Q-GFP inclusions within the
mid-IR illumination area (~50 um in diameter) while minimizing photobleaching of
GFP.?4 The mid-IR pulses are optically chopped with 50% duty cycle to produce IR on
(‘hot’) and IR off (‘cold’) frames.

To distinguish structural properties of htt inclusions, we focused on the two extreme
cases of a very low polyQ mutant (htt19Q-GFP), which is mostly soluble, and a very
high polyQ mutant (htt103Q-GFP), which is very aggregation prone. We imaged yeast
strains expressing each mutant respectively. As expected, the wide-field fluorescence
images of yeast strains expressing htt19Q-GFP showed diffuse fluorescence while
htt103Q-GFP showed bright foci (Figure 2A and Figure S3). Fluorescence videos were
recorded with mid-IR excitation at 1658 cm™ (representing a-helix) and at 1682 cm
(representing B-sheet) sequentially. The fluorescence intensity traces from
representative htt19Q-GFP cell body and htt103Q-GFP foci showed clear modulation
where hot frames (solid circle) had lower intensity compared with adjacent cold frames
(open circle) (Figure 2B). Therefore, the MIP modulation depth (MD) was calculated as
mid-IR induced change relative to the original fluorescence intensity for single htt19Q-
GFP cell and htt103Q-GFP foci. htt103Q-GFP showed higher modulation at 1682 cm
while htt19Q-GFP showed higher modulation at 1658 cm™. Since the wide-field
configuration is conducive to high throughput applications, we performed statistical
analysis on the ratio between fluorescence modulation at 1682 cm™ and at 1658 cm™
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(B/a’F) and found a higher ratio for htt103Q-GFP compared with htt19Q-GFP (Figure
2C). This higher ratio indicates an enrichment of 3-sheet structure in htt inclusions,
which is consistent with in vitro representations of polyQ fibrils as amyloid fibrils formed
by a core of interdigitates B-hairpins, or a stacked B-sheet.*3 Collectively, these data
demonstrate that mid-IR-modulated fluorescence is able to reveal B-sheet enrichment in
protein aggregates.

Fluorescence-guided MIP Spectroscopy Dissects Secondary Structure of htt
Inclusions

Having demonstrated that fluorescence intensity modulation by mid-infrared could
reveal B-sheet enrichment of htt inclusions (Figure 2), we next switched to a counter-
propagating point-scanning MIP system to harness fluorescence as a guidance to further
explore the spectral features of htt inclusions. The schematic for fluorescence-guided MIP
spectroscopy is shown in Figure 3A and Figure S4. Epi-fluorescence imaging was first
performed to provide guidance for the intracellular location of protein inclusions. As the
image was formed by raster scanning of the sample stage, single inclusions were targeted
sequentially based on their center pixel positions by driving the piezo sample stage. Then,
the MIP spectrum was acquired by continuously tuning the mid-IR wavenumbers.

We acquired a set of MIP spectra across protein inclusions (representative example
in Figure 3B), by sequentially moving the stage to the center of fluorescent foci (bright
green spots marked by purple crosses). The MIP spectrum showed significant shifts
towards both low and high wavenumbers, instead of a broad amide | band. MIP spectrum
in the amide | region was deconvoluted into multiple component peaks, whose centers
were determined by the minima of the second derivative. Each peak could be assigned
to different protein secondary structures based on their peak centers. The area under a
component peak quantifies its relative contribution. To quantify the B-sheet enrichment,
we calculated the B/a ratio as the ratio of the sum of B-sheet components peak area to
that of a-helix, confirming that the core of htt aggregates (defined as the center of bright
foci) is rich in B-sheet structure. A detailed description of MIP spectrum acquisition,
processing, and structural analysis could be found in Experimental Details and Figure
S5to S10.

For validation, we measured MIP spectra by IR wavenumber tuning in both directions
and noted no obvious heat accumulation due to infrared absorption for MIP spectra under
our experimental settings (Figure S11). We also noticed that fixation leads to
undetectable B-sheet enrichment in aggregates by MIP, possibly due to the effect of
cross-link of proteins by paraformaldehyde (Figure S12 and Experimental Details).[34
Recently, a similar approach has been adapted to analyze amyloid content in fresh tissue
biopsies. Interestingly, the authors also noticed discrepancies between fixed and live
samples, similar to our observations (Figure S13), remarking the importance to transition
to live cell imaging in studying amyloid fibers. 3%

B-sheet Content Increases with PolyQ Length in htt Inclusions in vivo

By performing full MIP scanning of fluorescent foci, we aimed at exploring how the
structure of htt aggregates varies across polyQ variants. Studies in vitro demonstrated
that polyQ proteins, given enough time, always converge in forming -sheet rich (amyloid)
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fibrils at a rate dictated by the polyQ length.8 This observation is in contrast with the
well-established threshold effect seen in all polyQ diseases, where pathology eventually
manifests exclusively when the polyQ is longer than a specific threshold (38 repeats for
HD).B7 In yeast, it is well established that aggregation propensity of htt correlates with
polyQ length,12”] but there is yet scarce information on a correlation between polyQ length
and structural properties of the aggregates in their physiological state. Altogether,
information on the structure of these aggregates is fragmented.l®8 Hence, we were
interested to study whether polyQ aggregates accumulating in cells invariably form -
sheet rich inclusions or if they vary in structural properties with polyQ length.

We expressed htt fusions with the fluorescent protein Crimson (httnQ-Cr) with
variable polyQ length (respectively, 19Q, 49Q, 103Q and 159Q) and we analyzed yeast
cells with MIP. In our analysis, 19Q showed a broad amide | band (Figure 3C orange),
while representative spectra acquired from the fluorescent foci for Q length above the
pathological threshold (159Q, 103Q and 49Q) showed a similar spectral change of
increasing low- and high-wavenumber (B-sheet (Figure 3C purples).

We further performed quantitative analysis of p/a ratio after amide | deconvolution.
Interestingly, the analysis of B/a ratios of fluorescent traces of proteins with shorter polyQ
could fit a sigmoidal curve, correlating polyQ length with B/a ratios (Figure 3D, Figure
S13). In specific, htt-37Q showed an interesting intermediate state, with a lower (3-sheet
content within the inclusion than the above-threshold variants, but still higher than the
background values obtained by scanning cells expressing htt-19Q, htt-26Q and htt-31Q.

Collectively, this data is consistent with a scenario where the maturation process
involves a change in secondary structure from a-helical to B-sheet®*, but once B-rich
fibrils are formed[33a, all acquire the same ultimate secondary structure: amyloid fibrils
are a stable end point of a maturation process that occurs at rates dictated by polyQ
length. Slower rates of aggregation enable cells to cope with accumulating aggregates,
which explains the diverse B/a ratio across strains expressing short polyQs.!l

Label-free MIP Reveals Secondary Structure Perturbation in htt Aggregates Caused
by Fusion of GFP

MIP can also scan the sample at multiple wavenumbers, mapping chemical
information onto microscopic images. We argued that, once learned the spectral
signature of protein aggregates, label-free analysis would be possible. To do this, we
first tested live yeast cells expressing htt103Q-GFP, by sequentially acquiring
fluorescence images (in green) and MIP images at 1658 cm™ (representing a-helix, in
red), 1628 cm* (representing low-wavenumber B-sheet, in cyan), and 1682 cm*
(representing high-wavenumber B-sheet, in yellow), described in Figure 4A and Figure
S14. We observed co-localization between GFP bright foci and strong MIP signals at
both B-sheet wavenumbers (1628 and 1682 cm™). This result is compatible with the
large literature of in vitro studies that describe polyQ fibers as stacked B-sheets.[!
Previously, protein content during cell division has been monitored by a single
wavenumber 1650 cm.112° Here we show that multiple signature wavenumbers in the
amide | region suffice to directly visualize the spatial distribution of different secondary
structures of protein aggregates.

To validate that only htt103Q-GFP foci caused large differences between a-helical
and B-sheet, we performed the same [3/a ratio quantification on cells expressing htt103Q-

This article is protected by copyright. All rights reserved.

95U9017 SLOWIWOD 8A a1 9|qeal[dde ayy Ag peuienob are soppie YO ‘8sn Jo 9l 10j Aked18UlUQ ASJIA UO (SUOTIPUOD-pUe-SLUBIAL0D A8 1M ATe.q 1 joulUo//SdnL) SUONIPUOD pue Swie | 841 98S *[7202/.0/0T] Uo ARiqiTauliuo A1 ‘AseAIUN uosog Aq £9T80FZ0Z 91Ue/Z00T OT/I0p/Woo A3 | Areiqipul|uoy//sdny woij pspeojumoq ‘el ‘e//ETZST



Angewandte Chemie International Edition

GFP, cells carrying the same transgene, but without induction (103Q-DMSO), and cells
expressing htt19Q-GFP. We reasoned that, given the disproportionate size of GFP (26.8
KDa) compared to htt19Q (11.4 KDa), htt19Q-GFP would represent essentially also a
GFP control. We also compared B/a ratios of points within the fluorescent foci and points
outside fluorescent foci in cells expressing htt103Q-GFP. Results are summarized in
Figure S15.

We were aware that fusing htt to a fluorescent protein would likely affect its
aggregation process, due to the relatively large size of the fluorescent protein compared
to the htt, the intrinsic propensity of fluorescent proteins to oligomerize,[*!l and their
inherent structural signature.[*?l A label-free modality of structural imaging would provide
more faithful insights on the structure of aggregates in their physiological state. We
therefore acquired MIP images at 1658, 1628 and 1682 cm™ of cells expressing htt103Q
with no fluorescent protein tag (Figure 4B). The chosen wavenumbers are representative
of, respectively, a-helix, low-wavenumber B-sheet and high-wavenumber B-sheet. We
scanned for areas characterized by high 3-sheet and relatively low a-helix to identify
htt103Q aggregates (Figure S16 to S18). We observed that the MIP spectra for htt103Q
aggregates identified by structural features showed a further red shifted peak position for
low-wavenumber [-sheet compared with htt103Q-GFP aggregates (Figure 4C).
Statistical analysis showed a further red shift (i.e. even lower wavenumber) in the shifted
peak position for B-sheet in htt103Q aggregates (N = 135) compared with htt103Q-GFP
aggregates (N = 62) (Figure 4D).

This contribution of the fluorescent tag can be explained in two ways: first, their size,
charge and propensity to aggregate can destabilize or influence the morphology of the
aggregates. Second, GFP is distinctively enriched in B-sheets, hence potentially
misleading an analysis based on secondary structure features. However, FTIR studies of
purified proteins in vitro showed that native B-sheet proteins such as GFP have a shifted
amide | peak position from 1630 to 1643 cm™, while amyloid fibrils present a distinctive
amide | peak clustering between 1611 and 1630 cm™.142l Therefore, discerning between
GFP and amyloid spectral contributions should be possible, and analyzing the shift in
amide | peak position provides specific information on the aggregate.[*3

Collectively, this data suggests that tagging aggregates with large fluorescent
proteins produces confounding effects both by introducing more spectral contributions
and by directly perturbing the structure of the aggregate itself. To the best of our
knowledge, this is the first time that this spectral shift position difference due to fluorescent

protein tagging was observed in protein aggregates in their physiological condition by MIP.

Therefore, MIP offers an alternative approach to study protein aggregates based on
spectral features and could potentially be used for label-free structural studies and
diagnostics.

MIP Micro-Spectroscopy Reveals Structural Partitioning within Protein Aggregates

Interestingly, by examining the details of secondary structural distribution of htt103Q-
GFP aggregate (represented in Figure 4A), we observed a spatial distribution of high
intensities for a-helix wavenumber (1658 cmt) around the areas of high B-sheet intensity,
where the a-rich region forms a hollow-like distribution around the B-rich region (Figure
5A). This suggests that htt aggregates are organized into a B-sheet enriched core,
surrounded by a a-helix dominant outer layer. By tapping into the additional dimension of
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spectral information, we could detect the aggregation core enriched in (-sheet
components, despite being of a lower size than the visible probe beam.[*4

The peculiar structural partitioning of a-rich and B-rich regions observed in Figure 5A
motivated us to quantitatively explore spectral features throughout the protein aggregate.
We hypothesized that this partition is intrinsic to the nature of htt aggregates. To do this,
we recorded full MIP spectra sequentially along one direction across inclusion body with
small spatial steps (Figure 5B and Figures S19). We noticed how spectra progressively
shifted from a-rich to B-rich and back to a-rich along the cross-section, as showed by the
variation in /a ratio along the axis (Figure 5B and Figures S19 to S21). We acquired
MIP spectra from x =-100, 0, and +75 nm relative positions and quantified the /a ratio.
The center showed the highest /a of 5.47 and B/a decreased to 1.17 (x = +75 nm) and
1.07 (x =-100nm) away from the center. This analysis validated the observation in Figure
5A.

To exclude potential contribution of GFP to this partitioning, we performed small step
full MIP spectra also on htt103Q aggregates (devoid of GFP fusion). We plotted the X-
dimension and Y-dimension line profile for this identified aggregate at 1658 cm™, 1628
cmtand 1682 cm™ and observed a center with high B-sheet and corresponding dip in a-
helix (Figure 5C). Once we acquired MIP spectra with small spatial steps, we observed
an even higher 3-sheet to a-helix ratio (B/a) of 10.79 at the aggregation center as well as
a more drastic drop in /a ratios 25 and 12.5 nm away from the center (Figure 5D and
Figure S22), suggesting that this spatial partitioning is not caused by GFP.

Collectively, we revealed the spatial distribution of structurally distinct components
within the protein inclusion through direct visualization by multispectral MIP imaging at
signature wavenumbers. Additionally, by moving along the inclusion body with nanometer
sized spatial steps, we revealed different degrees of relative contribution of the B-sheet
core to the acquired MIP spectra, causing drastic spectral changes within nanometer
distances below the conventional optical diffraction limit. This demonstrates how
performing quantitative analysis of full MIP spectra with nanometer spatial steps can finely
dissect the protein aggregate into structurally distinct regions.

It has been proposed that the first step of htt aggregation is the formation of liquid
droplets which then evolve into their fibrillar state, both in vitro**l and in vivo.[*8! Our results
of an enrichment in a-helical content at the edges of the B-sheet rich region suggest
proteins in different secondary structures partition within the aggregate, and provides a
structural connotation to previous observations of a core-shell organization in htt
aggregatesl*6? 46cl_|n this scenario, the fibrillar and rigid core has B-sheet conformation,
while the more dynamic and liquid shell is characterized by a preponderance of a-helical
structure. This phenomenon could have two possible explanations: (i) given the
polymorphic nature of polyQsl*’l and the relatively high helical content of htt exon 1,18l it
is conceivable that htt fibrils maturate from within the condensate, giving rise to the
partition of structures we observed, where amyloid fibrils emerge from a-rich non-fibrillar
condensate.*9 Alternatively, (i) inclusions are a heterogeneous composition of multiple
protein species, where fibrils nucleate in the center of the inclusion and partition from
other proteins,“6®l whereas the shell of the inclusion is more promiscuous.“6¢! Indeed, we
hypothesized that this structural heterogeneity is a consequence of the heterogeneous
composition of the inclusion.
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MIP Micro-Spectroscopy Reveals the Influence of the Rngl Prion on the Structural
Properties of htt Aggregates

The prion protein Rngl is known to aggregate in a prion form known as [RNQ*]. Rngl
has unknown functions when soluble, but, in its prion form, it facilitates formation of other
prions, such as [PSI*] (prion form of the protein Sup35).5% It is also well-known that the
[RNQ"] state can facilitate htt aggregation in S. cerevisiae and induces toxicity.®* There
is also evidence of co-localization Rngl protein within htt inclusions by fluorescent
microscopy.®? Moreover, recent work has described the formation of dynamic
condensates by htt in yeast, > 58l and condensates formed by aggregation-prone proteins
follow a maturation process where they progressively transition from dynamic liquid-like
droplets into solid-like fibrillary structures from within the droplet.[*%a 54 We therefore
hypothesize that the structural partitioning described in Figure 5 is caused by the
heterogeneous condensation of htt with Rngl protein, which then nucleates the formation
of fully fibrillary aggregates.

To investigate this, we used an optogenetic approach to induce polyQ aggregation in
[rng] cells that would otherwise not form consistent polyQ aggregates (Figure 6A).[5%
Here, htt was fused to mCherry and Cry2 (htt43Q-Cry2-mCherry). Cry2 is a protein found
in Arabidopsis thaliana that forms oligomers in response to blue light stimulation and is
widely used in optogenetics experiments.®®l We generated yeast strains containing
inducible versions of htt43Q-Cry2-mCherry in either a [RNQ™] or [rnq] background. To
incorporate blue light stimulation into our microscope, we used the powerful illumination
lamp in the MIP microscope and added a band pass filter (480/10 nm) before focusing
the blue light on to the sample using the IR objective.

We observed formation of new fluorescent foci after blue light stimulation in estradiol-
induced Cry2-mCherry cells in both [rng] and [RNQ*] backgrounds (Figure S23). In [rnq’]
cells, htt43Q-Cry2-mCherry formed significantly more inclusions after 5 minutes of blue
light stimulation (Figure S24). No difference in the B/a ratio from MIP spectra was
observed between htt43Q-Cry2-mCherry and htt49Q-Crimson in [RNQ?] strains (Figure
S25), suggesting that Cry2 does not perturb the type of aggregates formed, but only
induces their nucleation.

We then compared MIP spectra and (/a ratios across the htt43Q-Cry2-mCherry
aggregates in [RNQ*] and in [rnqg] strains. MIP analysis of fluorescent foci in [RNQ?]
showed symmetric single peaks in the 3/a plots of their cross-section (with a 50 nm step),
as expected, whereas large bright fluorescent foci found in [rnq7] presented fluctuations
with multiple peaks in the B/a plots of their cross-section (Figure 6B and Figure S26).
This suggested the presence of multiple smaller aggregates close in space, but below the
diffraction limit.

To explain our observations, we hypothesized that, if this scenario was true, large
bright foci in [RNQ*] would have a round shape, whereas large bright foci in [rng’] would

have lower circularity due to the combined fluorescence of multiple sources close in space.

Hence, circularity of foci should scale with size in the [rnq] background, but not scale in
the [RNQ*] background. To validate this, we plotted foci circularity against particle size of
inclusions within cells. As expected, particle size had an inverse correlation with circularity
value in inclusions found in [rng7], whereas those found in [RNQ*] had no variation of
circularity across sizes (Figure 6C). Finally, we measured cell growth curves in presence
of blue light for yeast cells expressing htt43Q-Cry2-mCherry in both backgrounds,
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Interestingly, growth in [RNQ*] was slower compared with [rnq7] strains (Figure S27),
confirming that the presence of the prion form of Rngl protein is associated with toxicity
in this cellular model of Huntington’s Disease.>®!

Collectively, we demonstrate that MIP spectroscopy detects ultrastructural
perturbations caused by the prion form of Rngl to htt aggregates. Our results suggest
that Rngl is not only associated with the nucleation of htt aggregates, but also influences
their physical and structural properties. We propose that, when nucleated by Rnql prion,
htt aggregates are initially dynamic, mostly composed of proteins in a-helical
conformation and with properties close to those of liquid droplets,* but then quickly
progress into more rigid and fibrillary structures. The core-shell distribution is therefore
reminiscent of this transition.[*°a Conversely, in absence of other prions, htt forms smaller,
exclusively B-sheet and potentially non-miscible aggregates, suggesting the nucleation
step is followed directly by fibril formation (Figure 6D).

Conclusion

This work showcases a comprehensive set of MIP micro-spectroscopic methods
for structural and functional mapping of macromolecular assemblies in live cells, and
provides a proof-of-concept of this application in the context of huntingtin aggregation. By
using MIP, we obtained label-free structural information on huntingtin aggregates, as well
as revealed, for the first time, a structural partition within the inclusion. Our MIP
microscopy method can be readily expanded on multiple types of macromolecular
assemblies, such as ribonucleoprotein droplets, and stress granules, as well as live
mammalian cells, such as neurons. Additionally, more nuanced insights from the MIP
spectra could be explored, including differentiating between parallel and anti-parallel 3-
sheets, or between intermolecular and intramolecular B-sheets. Finally, the structural
mapping by multispectral MIP imaging could also be developed for studying the temporal
dynamics of structural changes in spatial distribution.
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Figure 1. Secondary structure analysis of protein aggregates in live cells using a
counter-propagating MIP system. (A) Concept of secondary structure analysis of
protein aggregates in live cells. MIP imaging of live cells provides high spatial resolution,
enabling the study of protein aggregates. Mid-IR absorption in the amide | band reveals
protein secondary structures after deconvolution and component band assignment. (B)
Representation of MIP detection: mid-IR pulses induce both fluorescence and scattering
intensity changes. (C) B-estradiol inducible model for Huntington’s Disease and protein
aggregation in yeast. The sequence representation of HTT-Exon 1 is based on the exon
1 of htt protein (homo sapiens, UniProt P42858). PolyQ length predictably affects
aggregation propensity. Low polyQ length (19Q) leads to soluble protein while high polyQ
length (103Q) leads to protein aggregates. (D) Example of yeast cells expressing htt19Q-
GFP show diffuse fluorescence, while cells expressing htt103Q-GFP show bright
fluorescent foci indicating protein aggregates. Top: GFP fluorescence images. Bottom:
corresponding transmission images. Scale bar: 5 um.
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Figure 2. Wide-field fluorescence-detected MIP reveals B-sheet enrichment in
fluorescently labeled protein inclusions with high throughput. (A) Representative
wide-field fluorescence images and detail images of GFP fluorescent trace for htt19Q-
GFP (left) and htt103Q-GFP (right). To successfully visualize htt19-GFP fluorescence, the
camera gain for htt19Q-GFP was 20dB higher than that for htt103Q-GFP. Scale bars: 10
Mm and 2 uym for detail inset. (B) Representative fluorescence intensity traces with mid-
infrared at 1658 cm™' for a-helix (top) and at 1682 cm™' for B-sheet (bottom) for htt19Q-
GFP cell (left) and htt103Q-GFP foci (right) at the center of the enlarged selection in
images in (A). MD: modulation depth. (C) Statistical analysis of fluorescence modulation
depth ratio at 1682 cm- over at 1658 cm™' (B/a’F) for htt19Q-GFP cell (N = 63) and
htt103Q-GFP foci (N = 55). Unpaired pairwise t-test, p = 0.001 **.

This article is protected by copyright. All rights reserved.

85UB01 SUOWILLIOD BAe8.D 3|qedlidde aup Aq pausenob aJe saolie VO ‘8sn JO Sa|ni 10} Ariq1T 8UIIUO ABJIA UO (SUORIPUOD-PUE-SLLBH LI A8 | IMAfe.q 1B UO//STNY) SUORIPUOD PUe SWB L 8U} 88S *[202/20/0T] Uo AriqiT8uliuo A8lim ‘“AisAlun uoisog Aq 91801202 3I1Ue/Z00T OT/I0p/LI0" A8 |IM Areiq ol uo//Sdy WOl pepeojumoq ‘ef ‘e/ETZST



Angewandte Chemie International Edition

fluorescence guidance target single aggregates acquire MIP spectrum
c 3 aggregate )
gl h 3 center position micHR ' focused 1o
) 2 ( s/ %—’\ (X, Y)) target aggregate
raster scanning a 1
3| o | -, oY) J
a :\ ;/) : sweep mid-IR
m  mmmm  fluOTEscence > = (X,Y) k.a‘:; eI
imaging X pixel position wavenumbers
> I =
P drive sample stage piezo voltage Z MIP spectrum
S | fluorescent to target pasition VoV &
- C )| aggregates Xt 2
> - -V | |E
. o
Py —X : s -
Ve Y, wavenumber (cm-) "
5 conter | assign | area %]
©
- 1625 cm™ PB-sheet 67.0%
F
a 1650 cm™  a-helix  12.9%
[
= 1678 cm™  B-turn  16.5%
o 1690 cm?  B-sheet 3.6%
=
1600 1650 1700 B/(l =5.47
wavenumber (cm™)
15 2
]
e
- 897
= a
::jm 2
F 36
] z [
E S | !
o :
05 g, e | EEEEERE :
- ’ i ]
polyQ 3 | i
18Q 49Q 103Q —159Q E L v
00 <o| ==~
1600 1625 1650 1675 1700 0 50 100 150
wavenumber (cm*') polyQ length

Figure 3. Fluorescence-guided MIP spectroscopy dissects spectral features of
protein inclusions. (A) Schematic for fluorescence-guided MIP spectroscopy.
Fluorescence imaging was first performed by raster scanning of the sample stage. To
target single inclusions, the sample stage was driven by piezo voltage based on pixel
positions of aggregate centers sequentially. The MIP spectra were acquired by
continuously tuning the mid-IR wavenumbers. (B) A representative MIP spectrum of
htt103Q-GFP aggregate acquired from fluorescent foci (bright green spots marked by
purple crosses) and deconvoluted in amide | region into component peaks assigned to
different secondary structures. B/a ratio was calculated by area under the component
peaks. (C) Representative MIP spectra in amide | region acquired from 159Q, 103Q and
49Q aggregates under Crimson fluorescent guidance (shown in purple, darker shade
indicates longer polyQ length), and from 19Q yeast cells (shown in orange). (D) B-sheet
to a-helix ratio ( B /a) quantified by amide | deconvolution for htt with multiple polyQ lengths
(19Q, 26Q, 31Q, 37Q, 49Q, 103Q and 159Q). A nonlinear regression model fits a
sigmoidal curve shown as dashed line. N > 20 per group.
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Figure 4. MIP detects structural perturbation caused by fusion of GFP. (A)
Representative fluorescence images for GFP (green) and MIP images at 1658 cm™ (a-
helix, red), 1628 cm" (low-wavenumber B-sheet, cyan), and 1682 cm™' (high-
wavenumber -sheet, yellow) for live yeasts expressing htt103Q-GFP. Scale bar: 5 um.
(B) Representative transmission image (gray) and MIP images at 1658 cm- (a-helix,
red), 1628 cm™' (low-wavenumber B-sheet, cyan), and 1682 cm' (high-wavenumber j3-
sheet, yellow) for live yeasts expressing htt103Q with no fluorescent tag. Scale bar: 5
pum. The yellow boxes identify the protein aggregate in (A) and (B). (C) Representative 9
MIP spectra in amide | region for htt103Q-GFP aggregates (top) with a shifted peak
position for low-wavenumber 3-sheet and htt103Q aggregates (bottom) with a further
red-shifted peak position. (D) MIP shifted peak position for low-wavenumber (3-sheet for
htt103Q-GFP (N = 62) and htt103Q (N = 135) aggregates. Unpaired pairwise t-test, p =
3.18x106, ****,
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Figure 5. MIP resolves structural partitioning of htt aggregates at the sub-
micrometer scale. (A) Detailed spatial distribution of htt103Q-GFP aggregate revealed
a B-sheet enriched core surrounded by a a-helix dominant outer layer. Ratio map agreed
with fluorescence, and full width half maximum (FWHM) estimated on the ratio showed
an improvement compared with the theoretical resolution limit. (B) MIP spectra with small
spatial steps across the B-sheet enriched core revealed drastic changes in B-sheet
enrichment for htt103Q-GFP aggregate with MIP spectra acquired at relative positions x
=-100, 0, +75 nm in amide | region (overall spectra in black, component peaks colored)
and quantified B-sheet to a-helix ratios ( B /a) for htt103Q aggregate: (C) X-dimension (left)
and Y-dimension (right) line profile of identified aggregate at 1658 cm™' (red), 1628 cm™’
(cyan) and 1682 cm' (yellow) and (D) MIP spectra acquired at relative positions x = -25,
0, +12.5 nm in amide | region (overall spectra in black, component peaks colored) and
quantified -sheet to a -helix ratios ( B /a) for htt103Q-GFP aggregates.
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Figure 6. MIP detects perturbations caused by the prion Rng1 on the structural
properties of htt aggregates. (A) Experimental approach to study the role of prion Rng1
in htt aggregation. In both [RNQ*] and [rng-] cells, B-estradiol induces expression of
recombinant htt43Q-Cry2-mCherry and blue light stimulates nucleation of the aggregate
(B) B /a ratio plot along the line of protein aggregates overlaid with fluorescence intensity
for [RNQ*] strain (top) and [rnqg] strain (bottom). Inset: mCherry fluorescence images in
green, scale bar 500 nm. (C) Circularity of fluorescent foci against the aggregate size in
[RNQ*] (left) and [rnqg7] strains. Each dot represents single fluorescent foci. Blue line
shows linear fitting. N = 283 for [RNQ'] and N = 546 for [rnqg] (D) Schematic
representation of htt aggregates in [RNQ] and [rnqT] cells: the prion form of Rng1 protein
(orange) nucleates htt aggregation (purple), by forming a-rich aggregates, from which
amyloid (B-rich) fibrils maturate, leading to one large fluorescent foci. In [rnqg] cells,
aggregation of htt (when possible) follows a separate aggregation kinetics than in [RNQ?]
cells, bypassing the a-rich nucleation step, leading to multiple smaller and B-rich
fluorescent foci.
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Application of live Mid-infrared Photothermal (MIP) Imaging to study protein aggregates
in a S. cerevisiae model of Huntington’s Disease. MIP enables to distinguish structurally
different partitions of aggregates of the protein huntingtin, by scanning across the
aggregate and analyzing their MIP amide | band. We revealed that huntingtin aggregates
are organized in a B-sheet rich amyloid core and a shell composed of a-helical proteins.
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