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ABSTRACT: Aggregation is a pathological hallmark of proteinopathies such as Alzheimer’s disease and results in the deposition of
B-sheet-rich amyloidogenic protein aggregates. Such proteinopathies can be classified by the identity of one or more aggregated
protein, with recent evidence also suggesting that distinct molecular conformers (strains) of the same protein can be observed in
different diseases, as well is in sub-types of the same disease. Therefore, methods for the quantification of pathological changes in
protein conformation are central to understanding and treating proteinopathies. In this work the evolution of Raman spectroscopic
molecular signatures of three conformationally distinct proteins, Bovine Serum Albumin (a-helical-rich), B2-microglobulin ($-sheet-
rich) and tau (natively disordered), was assessed during aggregation into oligomers and fibrils. The morphological evolution was
tracked using Atomic Force Microscopy and corresponding conformational changes were assessed by their Raman signatures ac-
quired in both wet and dried conditions. A deconvolution model was developed which allowed us to quantify the conformation of the
non-regular protein tau, as well as for the oligomeric and fibrillar species of each of the proteins. Principle component analysis of
the fingerprint region allowed further identification of the distinguishing spectral features and unsupervised distinction. While an
increase in B-sheet is seen on aggregation, crucially, however, each protein also retains a significant proportion of its native mono-
meric structure after aggregation. Thus, spectral analysis of each aggregated species, oligomeric, as well as fibrillar, for each protein
resulted in a unique and quantitative ‘conformational fingerprint’. This approach allowed us to provide the first differential detection
of both oligomers and fibrils of the three different amyloidogenic proteins, including tau, whose aggregates have never before been
interrogated using spontaneous Raman spectroscopy. Quantitative ‘conformational fingerprinting” by Raman spectroscopy thus
demonstrates its huge potential and utility in understanding proteinopathic disease mechanisms and for providing strain-specific early
diagnostic markers and targets for disease-modifying therapies.

non-toxic species.> A number of studies have demonstrated that ol-
igomeric species are more toxic than fibrillar conformations both
in vitro® € and in vivo’8. The binding of conformationally depend-

INTRODUCTION

Proteinopathies are a group of diseases that are characterised by a
conformational change in one or more proteins that causes a loss in
physiological function and/or a toxic gain of function.! Such patho-
logical changes in conformation typically result in the deposition
of these proteins in B-sheet-rich deposits known as amyloid and are
associated with disease progression. Hence, the detection and char-
acterization of conformational changes is essential for both early
diagnostic screening and the development of preventative therapeu-
tic interventions.

Aggregation kinetics of amyloidogenic proteins have been in-
tensely studied in vitro, with much interest in the structural changes
that occur between the monomeric protein, it’s misfolded state, as
well as oligomeric and fibrillar conformations. In general, the char-
acterisation of oligomeric species has been challenging due to a
range of oligomeric species that may exist only transiently during
the aggregation process,? but may also persist through the disaggre-
gation of fibrillar species.® Examples of oligomeric diversity in-
clude fibrillar and non-fibrillar oligomers,* as well as toxic and

ant antibodies to a range of toxic protein oligomers suggests that
toxicity is directly associated with protein conformation,® with
toxic oligomeric species being rich in B-sheet secondary structure®
10" and displaying an increase in hydrophobic residue exposure.t*
13 Therefore, early aggregation species may represent valuable bi-
omarkers for predictive disease diagnosis, as well as targets for dis-
ease-modifying treatment, underlining the requirement for further
structural characterisation of amyloid oligomers.

A range of techniques have been used to probe the structure of am-
yloidogenic protein species including electron microscopy (EM),
atomic force microscopy (AFM), X-ray diffraction (XRD), nuclear
magnetic resonance (NMR), circular dichroism (CD), Fourier
transform infrared spectroscopy (FTIR) and Raman spectroscopy.
Vibrational spectroscopic techniques including FTIR and Raman
have been widely applied to the study of protein conformation in
the context of amyloid fibrils and neurodegenerative disease,'* with
much promise of future diagnostic application.'® An increase in -
sheet is considered a hallmark of amyloid-directed aggregation and



is most commonly probed in biological studies in vitro using fluo-
rescent dyes that bind to B-sheet, such as Thioflavin T (ThT). Fur-
thermore, much work in cellulo makes use of the proximity of
tagged chromophores by Forster Resonance energy transfer
(FRET) to measure aggregation. However, such techniques give lit-
tle insight into the conformation of proteins or their aggregates and
are not quantitative enough to lend themselves to accurate struc-
tural discrimination or diagnosis.

Raman spectroscopy is a label-free optical technique that probes
the vibrations of chemical bonds. Unlike infrared spectroscopy it is
ideally suited to investigate aqueous matrices such as biofluids and
biological systems in situ due to non-interference by water. It is
non-invasive and non-destructive and can be directly used to pro-
vide chemical-structural information without, or with minimal,
sample preparation. Biomedical samples, such as blood plasma,®
can be fully- or partially-dried (as condensed droplets), in order to
increase local concentration, allowing rapid spectral acquisition.’
18 The resulting Raman spectrum provides a unique chemical fin-
gerprint of the sample depending on its bond composition and mo-
lecular structure, making Raman spectroscopy a highly chemically
selective technique. The Raman spectrum for proteins includes pro-
tein modifications such as metal binding and post-translational
changes,*®?2 as well as secondary and tertiary structural infor-
mation and can therefore provide a ‘conformational fingerprint’.
Conformational fingerprinting of toxic protein species can conse-
quently reveal important links between protein structure and tox-
icity, as well as provide valuable spectral biomarkers for disease
diagnosis.

Raman spectroscopy has been used previously to characterise dif-
ferent conformations of monomeric a-synuclein and it was shown
that the technique was able to detect short stretches of secondary
structure that were not detected using circular dichroism?. There is
also evidence for variations in the chemical fingerprints of amyloid
fibrils with parallel in-register B-sheet and B-solenoid confor-
mations.?* Raman spectroscopy has also been shown to distinguish
differences in secondary structure between monomeric, oligomeric
and fibrillar species for a range of species including a-synuclein,?®
prion protein,?® human serum albumin?” and amyloid .28 Further-
more, variations in B-sheet content and side chain interactions of
fibrils formed from four disease-related a-synuclein mutants were
characterised using Raman spectroscopy.?® Together, these studies
demonstrate the discriminative power of Raman spectroscopy for
the analysis of protein conformers.

In this study we have used the structurally diagnostic nature of Ra-
man spectroscopy to compare changes in conformation of three dif-
ferently structured proteins on aggregation. In particular, we
wanted to develop a methodology by which conformational
changes in a natively disordered (unstructured or non-regular struc-
tured) protein could be understood by learning from the analysis of
proteins with stable secondary structural elements such as a-helices
and B-sheets. We chose to do this with three proteins: the a-helical
protein bovine serum albumin (BSA), the B-sheet protein f2-mi-
croglobulin (B2M), implicated in dialysis related amyloidosis, and
the intrinsically disordered protein tau (implicated in tauopathies
such as Alzheimer’s disease), because although all of them form
fibrillar aggregates they have intrinsically different conformations.
Starting with three proteins with distinctly different conformations
allowed insight into evolution of their secondary structures on ag-
gregation into oligomeric and fibrillar species. Morpho-chemical
analysis of the aggregation species (monomer, oligomer and fibril)
s carried out by atomic force microscopy (AFM), structurally-sen-
sitive fluorescent dyes and Raman spectroscopy. We present Ra-

man spectra from both proteins in the solution-state (wet) and com-
pletely dried by drop-deposition. This enables us to evaluate how
the drying process affects protein structure and therefore the utility
of drop-deposition Raman spectroscopy (DDRS) for classification
of protein species, which is important for many biomedical appli-
cations including diagnostic methods. It has been demonstrated
previously that proteins remain partially hydrated upon drop-depo-
sition and largely retain their secondary structure.'’-*® Qur data
demonstrates that as each protein aggregates, there is an evolution
of the conformation towards a predominantly B-sheet structure, re-
gardless of the original conformation of the monomeric protein.
Nevertheless, each species has a unique and quantitative ‘confor-
mational fingerprint’. We deconvolved the structural information
from the conformationally sensitive Amide | peak and crucially,
combining this with information from the published crystal struc-
tures for monomeric bovine serum albumin and -2 microglobulin,
allowed us to quantify the conformation of the non-regular protein
tau, as well as the oligomeric and fibrillar species of each protein.
We further show through unsupervised principal component anal-
ysis that each of the species for each protein as well as oligomers
and fibrils from different proteins are distinctly classified. Despite
some expected changes in protein conformation upon drying, we
show that each protein species can be distinguished and well-clas-
sified based on its secondary structure in both the concentrated so-
lution-state and the fully dried solid-state, validating that the latter
approach as suitable for potential diagnostic purposes. Our work
also demonstrates that Raman spectroscopy can be used to ascribe
a unique “conformational fingerprint” for distinct protein conform-
ers (even if they are intrinsically disordered), whether they are
monomers, oligomers or fibrils. This offers a direct, label-free
method for the identification and targeting of distinct protein con-
formers, which can pave the way for novel strain-specific early di-
agnostic markers and disease-modifying therapies.

RESULTS

In vitro aggregation assays were used to induce aggregation of
three different proteins, each with an intrinsically different mono-
meric conformation, and the evolving aggregated species were
characterized with AFM, Thioflavin T (ThT) fluorescence, 4,4'-Di-
anilino-1,1"-binaphthyl-5,5'-disulfonic acid dipotassium salt (Bis-
ANS) fluorescence and Raman spectroscopy. A schematic of the
workflow is shown in figure 1. The aggregation was set up and
tracked by ThT and Bis-ANS fluorescence and AFM to observe
and confirm the formation of oligomers and fibrils. ThT and Bis-
ANS bind to B-sheet and hydrophobic structure respectively, whilst
AFM provides morphological detail at nanoscale resolution. For
each protein, the monomeric species at the start of the experiment,
as well as the intermediate oligomeric species and fibrils observed
towards the end of the aggregation process, were analysed by Ra-
man spectroscopy. Raman spectroscopy was performed both on the
solution-state and on dried samples. Both the Amide 1 (1600 -1700
cmt) and Amide 111 (1200 — 1300 cm?) regions of the Raman spec-
trum of proteins are used as a marker of secondary structure. How-
ever, Amide I11 analysis is somewhat more complex than Amide |
in that it is the product of equal contributions of C-N stretching and
N-H bending vibrations with some contribution from C-C stretch-
ing.%° Typically, a-helical structures have weak Amide I11 signals,
but can be observed in the broad range of 1250 — 1300 cm.. B-sheet
structures give a strong peak at lower frequencies, 1220 - 1248 cm-
L while nonregular and turn structures are typically observed at
1245 - 1270 cm™1.31-32 On the other hand, the Amide | peak of the
protein Raman spectrum corresponds to the stretching vibration of
C = 0 and is most widely used for the analysis of secondary struc-
ture.3% 32 Hence, in this work, Amide | peaks were analysed in detail
by carrying out spectral deconvolution to understand the changes
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Figure 1 - Schematic of workflow. 1. Proteins were aggregated in conditions to form oligomeric and fibril-
lar species. 2. Atomic Force Microscopy (AFM), Thioflavin T (ThT) fluorescence and Bis-ANS fluorescence
was used to track and confirm protein aggregation before Raman analysis. 3. Samples were probed by
Raman spectroscopy in wet conditions, and after drying by drop-deposition. 4. Raman spectra were ana-
lysed in two ways: A. The Amide I region was deconvolved using mixed Gaussian/Lorentzian curves at
starting frequencies identified from second derivative spectra in order to determine the secondary struc-
tural content of each protein. B. Principle Component Analysis (PCA) was applied to all acquired spectra
in order to classify data and to identify regions of spectral variation between datasets.

in the secondary structure of all proteins and their aggregated spe-
cies. Based on experiment and calculations, Amide | frequencies
for different secondary structures are assigned as follows: 1650 —
1658 cm? (a-helix), 1668 — 1674 cm® (B-sheet), 1660 — 1667 cmt
and 1674 — 1689 cm™* (nonregular).3 3438, A lack of detectable pro-
tein structure can be defined as unordered, disordered or random,
but these terms may not be accurate, as the protein may still contain
segments of ordered structure or structures that are not well de-
fined. Therefore, we choose to use the term ‘nonregular’ to define
such structure. As proteins are made up of a mixture of secondary
structural elements, the Amide | peak represents the sum of these
elements, each of which has a discrete vibrational frequency.
Therefore, deconvolution of the Amide | peak provides a quantita-
tive estimation of secondary structure content. The Amide I region
including 1525 cm* — 1725 cm was deconvolved using an estab-
lished method?? 32 comprising of 3 mixed Gaussian/Lorentz curves
representing secondary structural components (described as peaks
1-3 in the text), as well as a curve ~1635 cm* that may represent

nonregular structure and/or its vibrational coupling to other second-
ary structures,® and curves representing aromatic amino acids in-
cluding tryptophan, phenylalanine and tyrosine; ~1550 cm and
~1580 cm?, ~1605 cm1, ~1615 cm'L, respectively. The fitting pa-
rameters were designed based on previous literature and taking into
account the crystal structures of BSA and f2M. The starting fre-
quency for each peak was determined by taking the second deriva-
tive of the Amide | region.*® The same parameters were then ap-
plied to the Amide | spectra of tau and aggregated species of all
proteins. The results and analysis are detailed for each protein be-
low.

Bovine Serum Albumin (BSA)

BSA is a protein derived from the blood serum of cows that func-
tions as a shuttle for many biological and chemical substrates, as
well as maintaining the pH and osmotic pressure of the blood.*! The
formation of BSA fibrils has not been reported in vivo, but extremes
of pH and temperature have been shown to induce aggregation in



vitro.*2-4* For aggregation, BSA was dissolved in water (pH 3) at a
concentration of 60 mg/ml and heated to 65°C. The formation of
fibrils was tracked using AFM (figure 2A-C). Aggregation oc-
curred rapidly, which is expected as BSA aggregation is not de-
pendant on nucleation meaning that there is no lag phase.*> Oligo-
meric aggregates with spheroidal morphology as observed by AFM
were formed after 5 minutes of incubation and the aggregation pro-
cess was complete by 24 hours, which produced fibrils with a short
and curly morphology Height profiles for AFM images of each
BSA aggregation species are shown in supplementary figure 1
which indicate that BSA oligomers have an average height ~3-4 nm
and BSA fibrils have an average height of ~5-6 nm

Solution samples were combined with ThT or Bis-ANS dye in or-
der to assess protein folding. ThT fluorescence intensity was in-
creased upon oligomerisation, and strongly increased upon the for-
mation of fibrils (figure 2D), suggesting the formation of cross-
architecture. Concurrently, Bis-ANS fluorescence intensity was in-
creased upon oligomerisation and remained similarly intense upon
the formation of fibrils (figure 2E), suggesting an increase in hy-
drophobicity upon oligomerisation.

Raman spectroscopy was performed at the same time points. Ra-
man spectra were acquired in wet and in dried conditions. Small
volumes of each sample (0.5pl) were spotted onto quartz coverslips
to create a concentrated droplet or and then further dried in a vac-
uum to create the dried samples. The method of analysis is referred
to as drop-deposition Raman spectroscopy (DDRS)17,18 The Am-
ide | second derivative spectra of each aggregation species in wet
conditions is shown in figure 2F. The secondary structural compo-
nents for the monomer are labelled. These spectra highlight the
change in peak frequency during BSA aggregation, most notably
the shift in ratio between the peak ~1655 cm™ and the peak ~1670
cm! during the formation of oligomeric and fibrillar species, sug-
gesting the formation of B-sheet secondary structure. There are
slight differences observed between the Amide | spectra measured
in wet and dried conditions for each species (Figures G-1). An in-
crease in the higher frequency region of the Amide I spectra >1660
cmt indicates an increase in nonregular and/or B-structure upon
drying, with little or no change in the frequency of Amide | max-
ima. As expected the least difference is observed between the spec-
tra for fibrils.

For quantitative secondary structural analysis deconvolution of the
Amide | spectral region was carried on both, spectra acquired under
wet and dried conditions. The crystal structure of BSA shows that
the protein contains primarily a-helical secondary structure (74%)
with no detectable B-sheet content.*® The Amide | peak of the BSA
monomer is observed at 1654/1655 cm* (wet/dried) in the Raman
spectrum (Figure 2G), with no distinct peak in the Amide I11 region
(supplementary figure 2B). Deconvolution of the Amide | peak en-
abled the calculation of secondary structural content. Fitted curve
frequencies and secondary structural assignments are summarised
in table 1, and curve fitted spectra are shown in supplementary fig-
ure 3. For the wet monomer, the peak observed at 1655 cm™ (curve
1) comprises 73% of the secondary structural content and is as-
signed to a-helical structure, in good agreement with the crystal
structure for BSA. Peak 2 is observed at 1675 cm™ and accounts
for 24% of the secondary structural content. It has been noted that
nonregular structure may be difficult to distinguish from p-sheet
structures based on Raman frequency alone.®! However, no B-sheet
is observed in the BSA crystal structure and peak 2 has a higher
frequency than that typically seen for Raman B-sheet vibrations,
suggesting that peak 2 is a nonregular component.23 32.47-48 peak 3
makes up 3% of the secondary structural content of BSA and is
centred at 1687 cm™. This peak can also be assigned to nonregular
and turn structure.23 32 38,49

Table 1. Results from Amide | peak deconvelution in wet and dry conditions

Wet Dried
Protein Peak Peak Peak Peak Peak Peak
Frequency | Area Assignment | Frequency | Area Assignment.
fem) (%) (em) (%)
1655 73 a-helix 1655 57 a-helix
BSA monomer 1675 24 Nonregular 1667 15 Nenregular
1687 3 Nonregular 1683 24 Nonregular
1653 &3 a-helix 1656 53 a-helix
BSA oligomer 1671 31 P-sheet 1670 26 P-sheet
1686 6 Nonregular 1685 21 Nonregular
1654 45 a-helix 1656 44 a-helix
BSA fibril 1670 37 P-sheet 1670 32 P-sheet
1685 18 Nonregular 1685 24 Nonregular
1654 33 Turn 1655 35 Turn
B2M monomer 1671 52 p-sheet 1670 42 B-sheet
1685 15 MNonregular 1684 23 Nonregular
1659 48 Turn 1659 48 Turn
B2M oligomer 1672 27 B-sheet 1671 33 B-sheet
1685 25 Nonregular 1684 19 Nonregular
1660 37 Turn 1661 33 Turn
B2M fibril 1673 60 B-sheet 1674 66 B-sheet
1689 3 MNonregular 1689 1 Nonregular
1663 59 MNonregular 1655 38 a-helixfturn
Tau monomer 1674 2 Nonregular 1671 31 B-sheet
1683 39 Nonregular 1687 31 Nonregular
1657 38 a-helix/turn 1654 41 a-helixfturn
Tau oligomer 1670 23 P-sheet 1670 36 P-sheet
1683 39 Nonregular 1686 23 Nonregular
1650 41 a-helix/turn 1656 35 a-helix/turn
Tau fibril 1671 48 P-sheet 1671 42 P-sheet
1688 10 Nonregular 1686 23 Nonregular
Values determined from Amide | deconvolution (supplementary figures 3 and 4)

Deconvolution of the Amide | band of the wet oligomer shows a
reduction in the area of curve 1 from 73% - 63%, suggesting a loss
of a-helical structure. Furthermore, peak 2 shows a shift in fre-
quency from 1675 cm™ to 1670 cm?, suggesting that the oligomer
has adopted B-sheet structure that makes up 31% of secondary
structural content. The BSA fibril shows a further loss in o-helical
structure (63% - 45%) and a further increase in B-sheet structure
(31% — 37%), which is similar to previously published results using
FTIR.*® The loss in a-helical structure and gain in B-sheet structure
during aggregation can also be observed by a decrease in the back-
bone/skeletal peak at 942 cm (C — C backbone stretch) and in in-
crease in the Amide 111 peak at 1238 cm™, respectively (supplemen-
tary figure 2).

The dried monomer spectrum reveals a decrease in peak 1 area
(73% - 57%) in comparison to the monomer in wet samples, corre-
sponding to a loss in a-helical structure upon drying. A shift in peak
2 frequency from 1675 cm! to 1667 cm* is also observed, suggest-
ing that this curve is sensitive to hydration and/or aggregation has
occurred. This curve sits at a lower frequency than observed for
amyloidogenic B-sheet structure in BSA (1670 — 1671 cm™) and is
therefore assigned to non-hydrated, nonregular structure. Similarly,
peak 3 lowers in frequency upon drying from 1687 cm™ — 1683 cm-
1, as well as increasing in area from 3% - 24%, highlighting an in-
crease in nonregular structure in monomeric dried BSA. On analy-
sis of each of the samples after drying, a decrease in a-helical struc-
ture upon oligomerisation (57% - 53%) and upon fibril formation
(44%) is observed which occur concomitantly with increases in -
sheet structure area from monomer (1667 cm™, 19%) to oligomer
(1670 cm, 26%) and finally fibril (1670 cm™, 32%). Thus the
structural evolution during aggregation shows a similar pattern on
analysis of dried samples as compared to analysis under wet condi-
tions.

After the quantification of BSA secondary structure, principle com-
ponent analysis (PCA) was applied separately to the spectra ac-
quired in wet and dry conditions in order to classify the spectra us-
ing a non-biased method. The PCA scores plot revealed that only
one principle component (PC1) was required for the separation of
the BSA aggregation species for spectra acquired under wet (figure
3A) and dried (figure 3C) conditions. The PCA loadings plot shows
the coefficient of variance that correlates each principal component
to the original variables, that is, the recorded frequencies in Raman
spectra (figure 3B,D). Therefore, these loadings show the regions
in the spectra that explain the highest variation within the dataset,



meaning that these changes directly represent changes in
bond/structural composition during aggregation.

High variation is observed in the Amide I, Amide 1l and skeletal
region of the loadings spectrum for wet BSA species. A compre-
hensive list of loadings peaks for each protein is tabulated in sup-
plementary table 1. Peaks representing o-helical structure; 1652
cm® (Amide 1), 1307 cm™ (Amide 111)% and 943 cm™ (skeletal)3?
have a negative coefficient on the loadings plot for PC1, and peaks
representing B-sheet structure; 1672 cm (Amide 1), 1237 c¢m?
(Amide I1I) have a positive coefficient. This is reflected in the
scores plot, which shows that monomeric BSA spectra have a neg-
ative PC1 score (< -1), oligomeric spectra have a less-negative
score (> -1) and fibrillar BSA spectra with positive PC1 scores (>
1), highlighting a gain in B-sheet secondary structure and a loss of
a-helical structure during aggregation. Peaks in the skeletal region
corresponding to B-sheet structure are poorly characterised, but a
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Figure 2 - BSA aggregation species characterisation A-C AFM images of BSA monomer (A), oligomer (B) and fibril
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Figure 3 — Principle Component Analysis of BSA Ra-
man spectra A-B PCA of wet BSA Raman spectra A
1-D score scatter plot showing the distribution of
monomer spectra (blue diamonds), oligomer spectra
(green diamonds) and fibril spectra (red diamonds)
across the PC1 axis B PC1 Loadings (blue trace) for
PCA of wet BSA Raman spectra highlights spectral
variation responsible for scores (loadings x original
spectrum = score). C-D PCA of dried BSA Raman
spectra C 1-D score scatter plot showing the distribu-
tion of monomer spectra (blue diamonds), oligomer
spectra (green diamonds) and fibril spectra (red dia-
monds) across the PC1 axis D PC1 Loadings (blue
trace) for PCA of dried BSA Raman spectra high-
lights spectral variation responsible for scores (load-
ings x original spectrum = score).

sheet.52 Here, peaks at 996/1010 cm™ have positive coefficients and
therefore increase during aggregation and can be assigned to skel-
etal B-sheet vibrations. The aromatic amino acids phenylalanine
(1001 cm?) and tyrosine (833 and 860 cm™) also display positive
coefficients for PC1 and therefore increase in intensity during ag-
gregation. Changes in aromatic amino acid environment during ag-
gregation may be due to CH-r interactions or -x stacking.5-%° Im-
portantly, the PCA scores plot and loadings for data on dried sam-
ples (figures 3C and D respectively) show a very similar pattern as
for BSA species in solution and only small frequency shifts are ob-
served in the Amide I, Amide 11 and skeletal regions, as well as for
tyrosine and phenylalanine (listed in supplementary table 2). To-
gether, this suggests that despite the increase in nonregular struc-
ture determined by Amide I deconvolution, aggregation species can
still be distinguished by the same spectral features irrespective of
whether the spectra are measured in wet or dry conditions.

Beta-2 microglobulin (B2M)

B2M is a protein associated with the heavy chains of class | major
histocompatibility complex (MHC) that is present on the surface of
nucleated cells. The formation of fibrils of B2M is observed in pa-
tients with dialysis-related amyloidosis, which is caused by the re-
tention and accumulation of B2M in the plasma during long-term
dialysis.5® B2M was aggregated in citrate buffer at pH 2.5 at a con-
centration of 1 mg/ml and a temperature of 37°C. The formation of
oligomers and fibrils was tracked using AFM (figure 4A-C), ThT
(figure 4D) and Bis-ANS (figure 4E) fluorescence. High quantities

of spherical oligomers were observed after 24 hours by AFM. Fi-
brillation proceeded after 2-3 days, and was allowed 14 days to
complete. The resulting pellet contained short, needle-like fibrils
that were often bundled into higher order structures with heights
ranging from 6-20 nm (supplementary figure 1).

Similarly to BSA, a small increase in bulk ThT fluorescence inten-
sity was observed upon B2M oligomer formation, with a strong in-
crease observed after fibril formation (figure 4D). Bis ANS fluo-
rescence intensity was strongly increased upon oligomer formation
and remained elevated upon fibril formation (Figure 4E). Respec-
tively, this suggests the formation of cross-p architecture and an
increase in hydrophobicity upon aggregation.

The Amide | second derivative spectra shows a common Amide |
minima at 1671 cm™ - 1672 cm?, although this peak increases in
intensity (more negative) during aggregation from monomer to ol-
igomer and fibril (Figure 4F), reflected by Amide | band sharpening
in the original spectra (Figures 4G-1). Drying by drop deposition
appears to have little effect on the f2M Amide | spectra, with the
exception of aromatic amino acid intensity in the region of 1530
cmt — 1620 cm L. X-ray crystallography has shown that f2M con-
tains an immunoglobulin fold, a domain that consists of two B-
sheets made up of 7 antiparallel p-strands.5”-5¢ The B-sheet content
of B2M has been determined at 50% from the crystal structure, and
50% and 55% from vacuum ultra-violet circular dichroism
(VUVCD) and IR spectroscopy, respectively.>® These previous
findings are consistent with the Raman spectrum for the 32M mon-
omer (figure 4G), which shows an Amide | peak at 1670/1669 cm-
! (wet/dried) and an Amide 111 peak at 1248/1244 cm (wet/dried),
as expected for a combination of -sheet and nonregular secondary
structure.®* The presence of a band in the skeletal region between
980 cm* and 1020 cm! provides further indication of a predomi-
nantly B-sheet secondary structure, as discussed for BSA aggrega-
tion. The B-sheet skeletal band is somewhat masked by the phenyl-
alanine peak ~1004 cm, which appears to have a broadened base
at ~1010 cm*. Amide | deconvolution of the wet p2M monomer
shows that curve 2, centred at 1671 cm*, comprises 52% of the
Amide | area (table 1). This peak can therefore be assigned to -
sheet structure, in line with previous reports. There is no evidence
of a-helical content in the crystal structure of B2M, with ~50% of
the secondary structure being assigned to nonregular structures, in-
cluding turns and loops. Peak 3, centred at 1686 cm™ (15%), can
be assigned to nonregular structure, as for BSA. Peak 1, centred at
1654 cmt (33%) is tentatively assigned to turn structures. Despite
overlapping in frequency with a-helical conformation, previous re-
ports using XRC/FTIR®": % do not report any a-helical structure in
native p2M. Turns are difficult to assign to proteins by Raman
spectroscopy due to their wide range of frequencies throughout the
Amide | region.®® A Raman study of 12 proteins with predefined
XRC structures revealed that B-turn vibrations are observed at
~1652 cm* for Amide 1,5 and the predominantly turn-containing
protein Metallothionein has a split Amide | frequency of 1650 cm-
Land 1665 cm™.52 As for BSA, drying appears to cause a loss in
regular secondary structure of the $2M monomer, with peak 2 hav-
ing an area of 42% (B-sheet), with peak frequencies shifting a max-
imum of 2 cm® (table 1). As a result, there is an increase in turn
(33% - 35%) and nonregular structure (18% - 23%) in the dried
f2M monomer.

Amide | deconvolution of the wet B2M oligomer spectrum shows
an overall loss in peak 2 area/B-sheet secondary structure in com-
parison to the wet p2M monomer (52% — 27%), in favour of in-
creased peak 1/turn structure area (33% — 48%) and peak 3/nonreg-
ular structure area (15% — 25%). This aligns with an increase in 940
cm? intensity in the skeletal region, typically used as a marker for



a-helical structure, although B-turn structured peptides share simi-
lar vibrations.®® Amide | deconvolution of the wet B2M fibril spec-
trum revealed an increase in peak 2 area/p-sheet secondary struc-
ture (27% — 60%) and almost complete loss in peak 3 area/nonreg-
ular structure (25% — 3%), which is reinforced by a downshift in
Amide I11 frequency and further broadening of the skeletal peak at

Table 2. Raman Peak assignment

Peak (cm™) Assignment Change during aggregation from
PCA (relative to CH; band)
622 Phenylalanine -
G644 Tyrosine -
760 Tryptophan -
830/850 Tyrosine Fermi doublet 1T
E80-970 Backbone/Skeletal o-helix i
095-1040 Backbone/Skeletal B-sheet T
a50-992 Backbaone,/Skeletal nonregularfturns -
1002 Phenylalanine T
1033 Phenylalanine -
1068 Tryptophan -
1080 CC/CN/CO/phenylalanine -
1104 CC/CN/CO 1
1128 CC/CHM -
1158 CC -
1177 Tyrosine/Phenylalanine -
1208 Tyrosing T
1220-12440 Amide lll B-sheet 1
1280-1320 Amide Il a-helix il
1250-1270 Amide lll nonregular/fturns -
1320 CaH -
1342 CaH/Tryptophan -
1362 Tryptophan -
1404 COz- -
1425 CH -
1450 CH -
1466 Tryptophan -
1551 Tryptophan -
1581 Phenylalanine,/Tryptophan -
1605 Phenylalanine -
1618 Tyrosine/Tryptophan/ Phenylalanine -
1653-1656 Amide | a-helix Il
1653-1667 Amide | nonregular/turns -
1668-1674 Amide | B-sheet T
1675-1694 Amide | nonregular/turns -
Key: t peak increaszes in intensity, .| peak decreases in intensity, £ peak broadens, - no consistent change




1010 cm in comparison to the monomer and oligomer spectra monomeric $2M upon drying, peak 2 area/p-sheet structure is in-
(supplementary figure 2). Despite a loss in B-sheet structure in creased in the dried B2M oligomer in comparison to the wet f2M
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structure (27% - 33%), as well as for the fibril (60% - 66%), sug-
gesting that the drying process accelerates aggregation for oligo-
meric and fibrillar f2M.

One principle component (PC1) is required to sufficiently separate
the Raman spectra of each of the wet p2M aggregation species by
PCA (figure 5A). Monomeric spectra have a highly negative score
for PC1 (< -4), oligomeric spectra have a slightly negative score (-
2 —-4), and fibrillar spectra have a positive score. The loadings for
PC1 (figure 5B) reveals that peaks indicating B-sheet secondary
structure have a strong positive coefficient including 1673 cm
(Amide 1), 1227 cm™ (Amide I11), 1008 cm and 998 cm (skele-
tal). Peaks in the loadings spectra with a negative coefficient for
PC1 represent nonregular structures which include frequencies at
1645 cm™* (Amide 1), 1287 cm* (Amide 111), and 943 cm™ (skele-
tal). This is expected as the scores plot shows an increase in PC1
score as B2M aggregates wherein B-sheet structures increase likely
at the expense of non-regular and other structures. Similarly to
BSA, tyrosine and phenylalanine intensities also increase in rela-
tion to the CH2 band during B2M aggregation (828 cm™*, 856 cm?
and 1002 cm? respectively).

Two principle components are required to sufficiently separate
dried B2M spectra (Figure 5C). PC1 is similar as for the spectra of
wet B2M species, but inverted, so that monomeric p2M spectra
have a positive score for PC1 and fibrillar spectra have a negative
score. PC1 frequencies remain similar, with B-sheet features; 1673
cm?t (Amide 1), 1227 cm* (Amide 111), 1008 cm™ and 998 cm?
(skeletal), being identical. PC2 is necessary to distinguish f2M ol-
igomeric spectra (negative score) and fibrillar spectra (positive
score). The increase in B-sheet structure observed in f2M oligo-
mers and fibrils upon drying may be responsible for the oligomers
becoming more fibril-like in the PC1 axis. PC2 Peaks with a posi-
tive coefficient in the Amide 1 (1672 cm™ and 1675 cm™) and Am-
ide 111 region (1225 cm?, 1228 cm!) explain monomeric/fibrillar
B2M and B-sheet structure. The peaks with negative coefficients
include a larger range of both B-sheet and nonregular/turn struc-
tures, suggesting that f2M oligomers are more structurally hetero-
geneous than B2M monomers and fibrils; e.g. Amide III peaks
(1238 cmt,1244 cm?, 1267 cmL, 1290 cm't). As for BSA, the PCA
results show that despite a change in conformation determined by
Amide | deconvolution, aggregation species can still be classified
using the same spectral features in wet and dried f2M spectra.

Tau

Tau is a microtubule-associated protein (MAP) that is primarily
found in neuronal axons where it plays a role in the stabilization of
microtubules.®* The pathological aggregation of tau into soluble
and insoluble oligomers and insoluble filaments is observed in a
range of neurodegenerative diseases that are collectively termed
tauopathies. Each disease can be characterised by specific patient
symptoms and distinctive patterns of pathology.%® Furthermore,
there is increasing evidence from electron cryo-microscopy to sug-
gest that the conformation of tau filaments may be unique to each
Tauopathy.56-67 In this study we wanted to use Raman spectroscopy
to study the conformational changes that occur as monomeric tau
aggregates first into oligomers and finally into filaments, as it is
believed to do in vivo in tauopathies. Monomeric tau is an intrinsi-
cally disordered protein, meaning that it is made up predominantly
of nonregular structure as opposed to stable secondary structural
elements including a-helices and B-sheets. Disordered proteins are
typically rich in charged and polar amino acids, leading to charac-
teristically low hydrophobicity and therefore a high level of solu-
bility. Electrostatic repulsion prevents the spontaneous self-associ-
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Figure 5 — Principle Component Analysis of f2M
Raman spectra A-B PCA of wet $2M Raman spec-
tra A 1-D score scatter plot showing the distribu-
tion of monomer spectra (blue diamonds), oligomer
spectra (green diamonds) and fibril spectra (red di-
amonds) across the PC1 axis B PC1 Loadings (blue
trace) for PCA of wet p2M Raman spectra high-
lights spectral variation responsible for scores
(loadings x original spectrum = score). C-D PCA of
dried p2M Raman spectra C 2-D score scatter plot
showing the distribution of monomer spectra (blue
diamonds), oligomer spectra (green diamonds) and
fibril spectra (red diamonds) across the PC1 and
PC2 axes D PC1 Loadings (blue trace) and PC2
loadings (red trace) for PCA of dried f2M Raman
spectra highlights spectral variation responsible
for scores (loadings x original spectrum = score).

ation of full-length tau in vitro and this may also play a role in pre-
venting tau aggregation in vivo in physiological conditions. The
factors that overcome this repulsion to aggregate in vivo are unclear
but negatively charged molecules including heparin® have been
used to aggregate tau in vitro. This suggests that electrostatic inter-
actions are important to the initiation of polymerization and charge
neutralization may be a key driver of tau aggregation. Here, heparin
was used as a cofactor to induce tau fibrillation at a Molar ratio of
1:2 (heparin:protein). Tau oligomers were formed after 4 hours of
incubation, whereas tau filaments were allowed 8 days to form.
AFM images of each of the aggregation species are shown in figure
6A-C and heparin alone is shown in supplementary figure 4. Tau
oligomers are spherical in morphology with an average height of
~2-4 nm, whilst tau fibrils are long and curved with an average
height of ~7-8 nm (supplementary figure 1).

No change in bulk ThT fluorescence intensity was observed upon
B2M oligomer formation, but a strong increase observed after fibril
formation (figure 6D), suggesting that the tau oligomers do not
form detectable regular cross- architecture. Bis ANS fluorescence
intensity was strongly increased upon oligomer formation and re-
mained elevated upon fibril formation (Figure 6E), as observed for
BSA and B2M, confirming an increase in tau hydrophobicity upon
oligomerisation. This common pattern of ThT/Bis-ANS binding
can be employed as a useful tool to track protein aggregation and
identify the aggregation species that are present whereby monomer
= ThT: low, Bis-ANS: low, oligomer = ThT: low, Bis-ANS: high



and fibril = ThT: high, Bis-ANS: high (relative levels). This re-
sponse has been observed previously for tau using Thioflavin S and
ANS fluorescence.5®

A

The second derivative Raman spectra show that the tau monomer
has two minima at 1683 cm-1 and 1674 cm* that shift to 1685 cm-
1 and 1670 cm™ in the tau oligomer, indicating the formation of -
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sheet secondary structure. The tau fibril spectrum is dominated by
a large component at 1671 cm-1, with a very small shoulder at 1681
cmL, As tau doesn't have a regular structure, it is not amenable to
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Figure 7 — Principle Component Analysis of Tau Raman
spectra A-B PCA of wet Tau Raman spectra A 2-D score
scatter plot showing the distribution of monomer spectra
(blue diamonds), oligomer spectra (green diamonds) and
fibril spectra (red diamonds) across the PC1 and PC2
axes B PC1 Loadings (blue trace) and PC2 loadings (red
trace) for PCA of wet Tau Raman spectra highlights
spectral variation responsible for scores (loadings x orig-
inal spectrum = score). C-D PCA of dried Tau Raman
spectra C 2-D score scatter plot showing the distribution
of monomer spectra (blue diamonds), oligomer spectra
(green diamonds) and fibril spectra (red diamonds)
across the PC1 and PC2 axes D PC1 Loadings (blue
trace) and PC2 loadings (red trace) for PCA of dried Tau
Raman spectra highlights spectral variation responsible
for scores (loadings x original spectrum = score).

crystallization and hence, an accurate crystal structure reference for
secondary structure composition is unavailable. Therefore, we ap-
plied the same Amide I curve fit parameters to tau that were applied
to both BSA and B2M. Unlike BSA and f2M, the tau monomer
Amide | spectrum shows a considerable shift in frequency from
1675 cm to 1669 cm™* upon drying (Figure 6G). It has been shown
that film deposition causes greater structural changes in disordered
proteins than globular proteins, which is likely due to disordered
proteins having less native intramolecular hydrogen bonding in fa-
vour of intermolecular hydrogen bonds with water molecules.” De-
convolution of the Amide | region of the wet tau monomer spec-
trum reveals that each peak has a frequency correlating to nonreg-
ular structure; 1663 cm® (59%)5% ™1, 1674 cm™ (2%), 1683 cm*
(39%). Drop-deposition leads to a shift in these peaks to the fol-
lowing frequencies: 1655 cm™ (38%), 1671 cm™* (31%) and 1687
cm? (31%). A similar change in peak 2 frequency was observed
upon BSA drop-deposition, which showed a downshift from 1675
cm to 1667 cmL. The 1667 cm! peak in dried BSA was assigned
to non-hydrated nonregular structure. However, the frequency at
1671 cm* aligns with B-sheet structure seen in B2M species and
aggregated BSA. This suggests that drop deposition leads to the
formation of regular secondary structure in monomeric tau and/or
aggregation. The peak in the wet tau spectrum at 1663 cm™ is as-
signed to nonregular structure, whilst the peak in the dried tau spec-
trum at 1655 cm* may account for a-helical or turn structure. Oli-
gomerisation leads to a downshift of this peak from 1663 cm —

1657 cm! for wet tau , suggesting that the tau oligomer adopts reg-
ular a-helical or turn structure. Oligomerisation also leads to a shift
in peak 2 frequency from 1674 cm to 1670 cm™ in the wet tau
spectrum (23% area) and finally, this peak shifts to 1671 cm™ in
the wet fibril spectrum (49% area). Similarly, the dried spectra
show and increase in peak 2/B-sheet structure upon oligomerisation
(31% - 36%), and fibril formation (36% — 42%). Together, this
shows that tau adopts B-sheet structure upon aggregation, as seen
previously for tau oligomers® and for filaments.”?-7* Tentative anal-
ysis of the Amide 1l and skeletal regions reinforces these results
(supplementary figure 3). Despite spectral contamination from hep-
arin, a downshift in Amide 111 and an upshift in skeletal vibrations
are observed during aggregation, both of which signify an increase
in B-sheet structure, as described for BSA and p2M.

For principal component analysis only the Amide I region of the
Raman spectra was used since heparin, used for aggregation of Tau,
contains a number of Raman peaks throughout the fingerprint re-
gion, but is featureless in the Amide I region (supplementary figure
6). 2 PCs were required to separate the data classes for wet tau spec-
tra (figure 7A). The PC1 axis separates monomeric and oligomeric
spectra, which have primarily negative scores, from the positively
scored fibrillar spectra. PC2 is also required to separate monomeric
spectra (negative score) from oligomeric spectra (positive score).
The loadings for the PCA are shown in figure 7B. PC1 shows neg-
ative peaks at 1653 cm™ and 1686 cm corresponding to turn/a-
helical and nonregular structure respectively, aligning with mono-
meric and oligomeric spectra. PC1 has a positive peak at 1670 cm-
1, corresponding to B-sheet structure and aligning with fibrillar
spectra. Tau monomers and oligomers can be separated across the
PC2 axis. Monomers have a negative PC2 score and oligomers
have a positive PC2 score. The loadings for PC2 show a negative
peak at 1686 cm assigned to nonregular structure and a positive
peak at 1669 cm™ corresponding to B-sheet structure, reinforcing
the results from Amide | deconvolution.

The PCA scores and loadings for dried tau samples (Figure 7C and
D) are similar to those for tau species in solution. The monomer
and oligomer spectra show less separation across the PC2 axis,
likely due to the loss of the positive 1669 cm* component observed
in the PC2 loadings for wet tau. This is because drying the tau
monomer leads to a downshift in Amide | frequency so that it
matches the frequency of that of the dried tau oligomer, as dis-
cussed previously. Although Amide | deconvolution showed a
large change in monomeric tau secondary structure upon drop-dep-
osition, dried tau monomers, oligomers and fibrils can still be clas-
sified by PCA.

Cross analysis of oligomeric and fibrillar protein species

We so far have demonstrated that Raman spectroscopy can be used
to characterise distinct aggregation species from the a-helical-rich
protein BSA, the B-sheet rich protein f2M and the natively disor-
dered protein tau. Next we looked to directly compare monomeric,
oligomeric and then fibrillar species of each protein to ascertain
whether they too can be distinguished from each other using their
Raman spectral signatures. As each protein has a different primary
sequence and hence, amino acid content, we excluded the entire
spectrum outside of the Amide | band, so that any differences that
are observed can be assigned directly to secondary structure (1630
- 1720 cmY). In order to determine whether the spectral compo-
nents that distinguish the proteins are conserved upon drying, we
have included both wet and dried protein spectra in our analysis.
PCA was applied to the Amide | spectra of the monomeric proteins,
leading to separation BSA, p2M and tau spectra (Figure 8A). BSA



monomers have a positive score for PC1 (> 1), whilst tau mono-
mers have a negative score and 2M monomers have on average a
slightly positive score (< 1). The loadings for PC1 show a positive
peak at 1653 cm™ and a negative peak at 1682 cm, assigned to o-
helical structure and non-regular structure respectively (figure 8B).
Therefore, spectra for proteins rich in a-helical structure have a
positive score (e.g. BSA) and spectra for proteins with a nonregular
structure have a negative score (e.g. tau), whilst spectra for proteins
with equal quantities of each of these components have a score
close to zero (e.g. B2M). As determined by Amide | deconvolution,
dried BSA monomers have increased nonregular structure (wet =
3%, dried = 24%), which is reflected by the decrease in PC1 score
for dried spectra in the scores plot, also representing an increase in
nonregular structure. PC3 enables the complete separation of wet
tau (green diamonds, negative score) and 32M monomers (positive
score), explained by the positive peak at 1668 cm* and the negative
peak at 1684 cm in the loadings. This component also leads to the
separation of wet (negative PC3) and dried (positive PC3) tau mon-
omers, as dried tau monomers have an Amide | frequency of 1669
cm, as opposed to 1675 cm™ for tau in solution (Figure 6G). Wet
and dried B2M spectra are not separated by PC1 and PC3; this is
expected as there was very little change in the p2M Amide | spec-

trum upon drying (Figure 4G). This demonstrates that each mono-
meric protein can be distinguished by its Amide | region alone,
whether the protein is wet or dried.

Next, PCA was applied to oligomeric protein spectra to understand
the subtle underlying features that cause the variation (figure 8C).
Two principle components were required to separate the oligomeric
Amide | spectra of each protein. Oligomeric p2M spectra can be
separated from oligomeric BSA and tau spectra across the PC1
axis, with the PC2 axis also being required to separate oligomeric
BSA and tau spectra. The PC1 axis separates 3-sheet components
(1672 cm! negative coefficient), from a-helical and nonregular
components (1650 cm and 1686 cm'! positive coefficient). There-
fore, B2M oligomer spectra have negative PC1 scores, whilst BSA
and tau oligomers have a positive PC1 score. Oligomeric BSA
spectra have a positive PC2 score, corresponding to a peak at 1652
cm? (a-helix) in the loadings plot (Figure 8D), whereas oligomeric
tau spectra have a slightly negative PC2 score, corresponding to a
peak at 1678 cm™ (nonregular) in the loadings plot. B2M spectra
have a mixed slightly positive and slightly negative score for PC2.
This is consistent with the results from Amide | deconvolution, as
tau oligomers are rich in nonregular structure (wet = 39%, dried =
23%) in comparison to BSA oligomers (wet = 6%, dried = 21%),
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with B2M oligomers containing moderate amounts of nonregular
structure (wet = 25%, dried = 19%). This demonstrates that like
monomers, the oligomers of each protein can be successfully dis-
tinguished based entirely on their conformational signature for pro-
teins both wet and dried.

Next we compared the fibrillar species of each protein to determine
whether like the oligomers of each protein, the fibrils can similarly
be distinguished using their spectral signatures. Again, only the
Amide I band was used for analysis, so that any differences that are
observed can be assigned directly to secondary structure. PCA was
applied to the Amide | spectra of the fibrillar protein species (Fig-
ure 8E). Two principle components were required to separate the
Amide | spectra for each protein fibril. Fibrillar BSA spectra can
be separated from fibrillar f2M and tau spectra across the PC1 axis,
with the PC2 axis required to completely separate fibrillar 2M and
tau spectra. Fibrillar B2M spectra have a positive PC1 score, with
the loadings showing positive coefficients at 1675 cm-, in this case
assigned to B-sheet secondary structure (Figure 8F). Fibrillar BSA
spectra have a negative PC1 score and fibrillar tau spectra a slightly
negative PC1 score, with the loadings showing a negative coeffi-
cient at 1654 cm™ and 1687 cm?, assigned to o-helical and nonreg-
ular structure respectively. This aligns well with the results from
Amide | deconvolution, which showed a high B-sheet content in
B2M fibrils (wet = 60%, dried = 66%) followed by tau fibrils (wet
49%, dried 42%), with BSA fibrils having the lowest p-sheet con-
tent (wet = 37%, dried = 32%). Fibrillar BSA and f2M spectra have
a negative PC2 score, whereas fibrillar tau spectra have a positive
PC2 score. The PC2 loadings show that components at 1668 cm!
1690 cm™* both have positive coefficients, whereas negative com-
ponents include 1655 cm™ and 1676 cm™. This aligns with the re-
sults from Amide | deconvolution, as the 2M fibril spectrum have
a higher frequency p-sheet peak (wet = 1673 cm?, dried = 1674 cm
1) than tau fibrils (1671 cm™), whilst the 1655 cm* component ex-
plains the negative score for the BSA fibril spectra. This shows that
like monomers and oligomers, the fibrils of the three different pro-
teins had sufficiently different Raman spectral signatures that could
serve as their unique conformational fingerprint, further highlight-
ing that the drying process does not prevent the structurally diag-
nostic advantage of Raman spectroscopy for the identification and
characterisation of amyloidogenic protein species.

DISCUSSION

We have demonstrated that Raman spectroscopy is an effective tool
for the direct conformational analysis of proteins and can provide a
unique label-free conformational fingerprint for distinct protein
conformers, whether they are monomers, oligomers or fibrils. Since
conformation is believed to underpin the toxic potential of many
misfolded proteins, such a conformational signature can serve as a
vital probe for detecting, as well as targeting, toxic protein con-
formers in proteinopathies such as Alzheimer’s disease.

Here, we have deconvolved the Amide | band of the Raman spec-
trum in order to quantitatively determine the secondary structural
content of a-helical-rich BSA, B-sheet-rich p2M and natively dis-
ordered tau during their aggregation from monomers, into oligo-
mers and finally fibrils. This was achieved by developing a fitting
routine that closely replicated the secondary structural content of
BSA and p2M obtained from X-ray crystallography. The same fit-
ting routine was then applied to the Amide I band of oligomeric and
fibrillar species in order to track secondary structural evolution.
The fitting routine was then applied to tau, which is not amenable
to crystallography due to lack of structural order.”>7® In all cases,
spectral evolution highlighting conformational change was ob-
served throughout aggregation resulting in an increase in f3-sheet

secondary structure in fibrillar species, regardless of the native
monomeric conformation. Nevertheless, apart from the increase in
B-sheet structure observed during protein aggregation, Amide | de-
convolution also shows that the oligomeric and fibrillar species of
each protein actually maintains a high degree of the native mono-
meric secondary structure. For example, BSA oligomers and fibrils
maintain a high degree of a-helical structure, as do higher-order tau
species with nonregular structure and p2M with B-sheet. This un-
derlines that amyloidogenic aggregation does not require the com-
plete restructuring of a protein, with partial folding/unfolding being
sufficient to drive aggregation.”’

In order to assess the utility of drop-deposition Raman spectros-
copy (DDRS) for protein species characterisation, we analysed
samples both in the wet and dried state for comparison. DDRS is
of interest for biomedical applications as it is an effective means of
background removal from Raman spectra enabling rapid data ac-
quisition and processing whilst using minimal sample (0.5 ul in this
study). It is unlikely that Raman spectroscopy of wet protein sam-
ples would be amenable for use in medical diagnostics, whereas
DDRS is far more suitable.?384 Here, we have demonstrated that
despite small changes in conformation upon drying, proteins retain
a conformational fingerprint that enables them to be distinguished
from other proteins and other protein species (e.g. monomer, oligo-
mer, fibril). The conformational change caused by drying is much
larger for nonregular/intrinsically disordered proteins, such as tau,
in comparison to globular proteins, such as BSA and f2M. Despite
this, dried tau monomers, oligomers and fibrils can still be classi-
fied based on their conformational fingerprint using both deconvo-
lution and PCA.

An earlier characterisation of morphologically distinct p2M fibrils
by FTIR revealed a decrease in B-sheet content upon aggregation
of the monomeric protein (55% B-sheet) into the ‘long straight” fi-
bril (51% B-sheet) or ‘worm-like’ fibril (53%).5° This contrasts
with the results from our study, in which we find that the B-sheet
content of f2M monomers increases from 52% to 60% upon fibril
formation. However, the 2M fibrils formed by Hiramatsu et al
were formed by a seeding reaction, in which preformed fibrils ‘tem-
plate’ their conformation onto native monomers, greatly increasing
the kinetics of fibrillation. However, selection pressures during the
seeding process have been shown to lead to the emergence of spe-
cific populations of fibril conformation,?5-8 which may explain the
observed differences in structure.

In general, Raman spectroscopy has been scarcely applied to study
conformations in Tau. In one of the few previous studies UV reso-
nance Raman spectroscopy (UVRRS) was applied to understand
fibril formation in a fragment of tau that consists of the four repeat-
domain regions of the protein that constitute the fibril core
(tau4RD).®” Fragments can behave differently than the native (full
length) protein. Nevertheless, since UV coincides with the elec-
tronic transition of proteins (resonance), resonance enhancement of
certain features in the Raman spectrum occurs, enabling lower con-
centrations of proteins to be probed in comparison to spontaneous
Raman spectroscopy. However, this enhancement can vary be-
tween bands meaning a resonant spectrum often differs from that
seen in spontaneous Raman and UV-radiation can cause sample
damage very easily which can confound results. Ramachandran et
al observed changes in band frequency that were assigned to an
increase in B-sheet over time, but the relatively weak enhancement
of the Amide | band prevented its deconvolution and therefore con-
formational assignment. Here, we have shown that filaments of
full-length, wild-type tau (2N4R) contain j3-sheet secondary struc-
ture (49%), but retain a large amount of non-regular structure. Sim-



ilar results have been observed previously using FTIR, with tau fi-
brils shown to contain ~40% B-sheet secondary structure and mu-
tant tau fibrils (P301L/V337M) shown to contain significantly
more B-sheet.”* Furthermore, tau filaments that were purified from
the brain of a deceased patient with Down’s syndrome showed
~57% B-sheet from FTIR.” Together, this demonstrates the de-
pendence of fibrillar conformation on aggregation conditions.

It is now understood that the misfolded structure of amyloidogenic
proteins varies between different diseases, even if the aggregate is
formed from the same protein.®® These different conformations
formed from the same protein are termed “strains’®%-%7 or ‘conform-
ers’.%8191 The concept of conformationally distinct “strains™ arose
in the prion field, but it is now believed to be a feature shared by
many misfolded proteins and is not restricted to the prion protein.
Thus far the evidence to support the hypothesis that tau can acquire
different conformations as it forms different “strains” or “conform-
ers” has come from morphological studies showing distinct mor-
phologies of tau aggregates,® °* immunological studies demon-
strating that different tau aggregates display distinct conformation-
sensitive epitopes!®?-1% and, most recently from cryo-EM studies
showing ultra-structural differences between tau filaments.66-67
Here we explore whether Raman spectroscopy, a relatively much
simpler technique compared to cryo-EM, may be a useful technique
to quantitatively characterise protein strains, as shown previously
for morphologically distinct strains of PrP,1% p2M,% and a-synu-
clein mutants.? Since the data obtained from Raman spectroscopy
provides direct insight into the conformational composition of dis-
tinct aggregates with almost no sample preparation, it can greatly
augment studies for the differential detection of different protein
conformers. Furthermore since it is a label-free approach, it will
provide structural information without confounding influences of
protein-tags, which are often an integral part of other aggregation
assays.

The Raman spectrum of a protein is rich in information and pro-
vides more than secondary structural content. The combination of
Raman spectroscopy and PCA enables the classification of spectral
regions that are associated with a particular protein or aggregation
species. We have shown that a maximum of two principle compo-
nents are required to sufficiently classify morphologically distinct
aggregation species of BSA, p2M and tau. Furthermore, oligo-
meric, as well as fibrillar, species of each protein could be classified
based on the Amide I region alone. For proteins with identical pri-
mary sequences, the whole fingerprint region of the Raman spec-
trum could be used for structural analysis (including tertiary struc-
tural markers) and more principle components can be applied to
correctly classify the data if required. Therefore, PCA can be a par-
ticularly powerful technique for distinguishing and characterizing
protein conformers with subtle differences in secondary or tertiary
structure. This is highlighted by recent applications of Raman spec-
troscopy and PCA in disease diagnostics.1%-110 Nevertheless, the
initial characterisation of pure samples is essential for the develop-
ment of chemical fingerprints that can be applied to such classifi-
cation models in complex systems in order to develop an under-
standing of any differences that are observed.

CONCLUSION AND PERSPECTIVES

Aggregation of proteins into distinct conformations is believed to
underpin the pathogenic properties of many misfolded proteins in
proteinopathies — from seeding competence and propagation of dis-
ease, to inherent toxic potential of toxic species. Various lines of
evidence support this hypothesis and provide direct and indirect ev-
idence for the distinct conformations acquired by protein aggre-

gates in disease. The recent high resolution electron cryo-micros-
copy (cryo-EM) maps of tau filaments from Alzheimer’s disease®®
and Pick’s disease®” reveal distinct folds in the filaments from each
disease, unambiguously substantiating the presence of molecular
conformers in tauopathies. Though providing invaluable insight
into the ultrastructure of aggregates, cryo-EM is an inherently slow
and laborious process, meaning high-throughput and large scale
analysis of the numerous tau conformers implicated in tauopathies,
or indeed other protein strains implicated in other proteinopathies,
is not practically feasible with this technique. Raman spectroscopy
offers a rapid, high-throughput means of characterising and classi-
fying molecular conformers both in vitro, ex vivo and potentially in
vivo. Here we provide the first evidence of the utility of drop-dep-
osition Raman spectroscopy for the differential detection of both
oligomers and fibrils of three different amyloidogenic proteins, in-
cluding tau, whose aggregates have never before been interrogated
using spontaneous Raman spectroscopy. Although on drying by
drop-deposition has some effect on the conformational fingerprint
compared to corresponding wet samples, substantial conforma-
tional information is retained and more significantly allows distinc-
tion between aggregation species within and between different pro-
teins. We postulate that Raman spectral signatures of distinct con-
formers (oligomers or fibrils) of amyloidogenic proteins can serve
as a unique and label-free fingerprint for their differential detection.
In the case of tauopathies this will be vital for early diagnosis, better
understanding of the role of conformation in conferring pathogenic
potential of different tau conformers, and ultimately for the design
of conformer-specific disease-modifying therapies.

MATERIALS AND METHODS
Tau purification

All buffer reagents are from Sigma unless otherwise stated. pET-
29b tau plasmid (addgene, NM_005910) was transfected into E.coli
BL21 cells (a kind gift from Monika Kudelska) for the expression
of human tau40 isoform. Bacteria were grown at 37°C in LB broth
with 20pg/ml kanamycin until an optical density of 0.5-0.6 was
reached at 600 nm absorbance. 1 mM Isopropyl beta-d-thiogalac-
topyranoside (IPTG, Sigma) was added to the bacterial culture to
induce expression for 3.5 hours. Bacteria were then pelleted for 20
minutes at 5000 x g and stored at -20°C overnight. Bacterial pellets
were resuspended in homogenisation buffer (20 mM MES, 50 mM
NaCl, 1mM MgClz, ImM EGTA, 5 mM DTT, 1mM PMSF pH6.8)
and sonicated for a total of 5 minutes (10 second pulses each sepa-
rated by 45 seconds). Bacterial cell homogenate was then boiled at
95°C for 20 minutes in order to denature globular proteins. Dena-
tured proteins and cell debris were pelleted by centrifugation at
127,000 x g for 30 minutes at 4°C. Supernatant was dialysed against
buffer A (20 mM MES, 50 mM NaCl, ImM MgClz, 1ImM EGTA,
2mM DTT, 0.1mM PMSF pH6.8) overnight (25 kDa cut-off, Spec-
tra/Por). Samples were then loaded onto a cation exchange column
and eluted against increasing concentrations of NaCl from buffer B
(20 MM MES, 1 M NaCl, 2 mM DTT, 1mM MgClz, ImM EGTA,
0.1mM PMSF pH6.8). Fractions were selected and combined based
on SDS-PAGE, snap-frozen and stored at -20 °C for up to one week
before use.

Protein Aggregation

BSA Fatty acid free BSA (Sigma, A7030) was dissolved directly
into 10 mM HCI (pH2, ddH20) at a concentration of 60 mg/ml and
filtered through a 0.22um syringe filter. 1ml of the solution was
heated in a 65°C water bath to induce protein aggregation. 20pul of
solution was removed at each time-point and added directly to ice
to quench the reaction.



Tau Purified tau in elution buffer was exchanged into aggregation
buffer (PBS; 10mM Na2HPO4, 2mM KH2PO4, 137 mM NaCl,
10mM KCI, 2mM DTT pH7.4) and by serial concentration and di-
lution through a 10 KDa MWCO filter (Vivaspin). Tau was con-
centrated to 3 mg/ml and heparin (sigma) was added at a 4:1 ratio,
protein:heparin (mg/ml). Tau was then aggregated by incubation at
37°C with shaking (220rpm). Fibrils were pelleted at 100,000 x G
for 1 hour at 4 °C. Oligomers were first span at 100,000 x G for 1
hour at 4 °C to remove any pre-formed fibrils and then the super-
natant was concentrated using a 100 kDa MWCO filter (Vivaspin).

P2M B2M was a kind gift from Eva Scherer. 6 mg/ml purified f2M
in PBS was exchanged into aggregation buffer (50mM citrate, 100
mM NaCl, pH 2.5). PBS was removed by serial concentration and
dilution through a 5 KDa MWCO filter (Vivaspin). p2M was di-
luted to 1 mg/ml and incubated at 37°C with shaking (220rpm) for
24 hours (oligomers) and 14 days (fibrils). Fibrils were pelleted at
16,100 x G for 15 min at 4 °C. Oligomers were first span at 16,100
X G for 15 mins at 4 °C to remove any pre-formed fibrils and then
the supernatant was concentrated using a 30 kDa MWCO filter (Vi-
vaspin).

Raman spectroscopy and sample preparation

A Renishaw InVia microscope system was used for Raman spec-
troscopy.  Quartz  coverslips  were coated in tri-
chloro(1H,1H,2H,2H-perfluoroocytl)silane (Sigma) by chemical
vapour deposition. A silane atmosphere was created by a 30 minute
desiccation using a small volume of trichloro(1H,1H,2H,2H-per-
fluoroocytl)silane in a reaction chamber. Quartz coverslip surfaces
were activated by oxygen plasma treatment before incubation in the
silane atmosphere to create a silane monolayer on the coverslip sur-
face for 2 hours. For Raman spectroscopy of wet protein samples,
10 pl of each protein sample was added to the quartz coverslip. For
DDRS, 0.5 pl of each protein sample was first dried onto a quartz
coverslip for 12 minutes under a vacuum. Spectra were then col-
lected from the ‘coffee ring’ of each drop, where proteins are found
in the absence of bulk salt.t”1® The samples were excited using a
785 nm laser focused through a Leica 50x (0.75 NA) short working
distance objective for DDRS and a 63x Leica water immersion
(1.25 NA) objective for wet protein samples. Data was obtained
and parameters were set using Renishaw WIRE4.1 software, WIRE
was also used for cosmic ray removal. Spectra were collected in the
fingerprint region (614 - 1722 cm). The Raman system was cali-
brated to the 520 cm! reference peak of silicon prior to each exper-
iment.

Spectral deconvolution

The spectra for each protein species were carefully background
subtracted using blank/buffer spectra recorded on quartz. The Am-
ide I region (1525 cm™ - 1725 cm) was then truncated using a
linear baseline for background subtraction. The Amide I region was
deconvolved using mixed Gaussian and Lorentzian using WIRE4.1
software. Four peaks, centred at 1550 cm™, 1580 cm-!, 1606 cm
and 1616 cm?, were assigned to the aromatic amino acids trypto-
phan, phenylalanine and tryptophan. A further peak ~1635 cm
was assigned to nonregular structure/vibrational coupling and not
included in secondary structural analysis. Three curves, represent-
ing secondary structural peaks, were centred near 1655 cm (peak
1), 1670 cm (peak 2) and 1686 cm™ (peak 3). The starting curve
frequency was determined by taking the second derivative of the
Amide | region. Starting curve height was equal to the Amide |
spectrum at that given frequency. All curves had starting band-
widths at half height (BWHH) of 15 cm!. Heterogeneous narrow-
ing and broadening of curves was enabled to a maximum of 40 cm-

1. The percentage of secondary structure is determined by the di-
viding the area under the peak of interest by the sum of the area
under peaks 1 to 3.

Principle Component Analysis

Principal Component Analysis (PCA) was performed using the
IRootLab plugin (0.15.07.09-v) for MATLAB R2015a.1'* All spec-
tra were carefully background subtracted using blank quartz spectra
and a 5™ order polynomial, and the ends of each spectra were an-
chored to the axis using the rubberband-like function. Spectra were
smoothed using the wavelet denoising function before intensity
normalization using the CH2 band (~1450 cm™), or Amide | band.
Trained-mean centering was then applied to the spectra before PCA
with a maximum of ten principle components.

Atomic Force Microscopy

25 ul of ~0.3 — 0.6 mg/ml protein was added to a freshly cleaved
10 mm mica disc (Agar Scientific) and incubated at RT for 1 min
(B2M), 2 min (BSA) and 15 min (Tau). The protein solution was
then replaced with ddH20 x3 before drying under a steady stream
of nitrogen gas. Samples were imaged using a Digital Instruments
Multimode IV AFM system operated in tapping mode. Aluminum
coated, non-contact/Tapping mode probes with a resonance fre-
quency of 320kHz and force constant of 42N/m were used for all
images (Nanoworld, POINTPROBE NHCR). Probes were auto-
tuned using Nanoscope Ill 5.12r3 software before use. Images
shown are representative of the sample and were taken at random
points on the sample with a scan rate of 1Hz-2Hz and 512 samples
per line/512 lines per image. The samples were diluted 100x before
drying on mica for AFM and species were allowed to bind to the
surface for the same amount of time before a water washing step.
Height analysis: height was measured across a lateral cross section
in regions containing minimal overlap of features using WSxM
Beta.1t?

Thioflavin T and Bis-ANS fluorescence

ThT and Bis-ANS (Sigma) were each separately dissolved in the
equivalent buffer used for each protein. The fluorescent dyes were
each mixed with protein samples to a final concentration of 10 uM
dye and 10 uM protein. Solutions were transferred to 96-well plates
(Costar) and fluorescence was measured using an excited filter of
450 nm and an emission filter of 490 nm. The fluorescence of each
equivalent blank solution (buffer + dye) was subtracted from each
protein and fluorescence was normalised as fold change over mon-
omer.
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