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Abstract

Amyloid fibrils from Alzheimer’s amyloid-beta peptides (AB) are found to be polymorphic. So far, 14 AB40 fibril struc-
tures have been determined. The mechanism of why one particular protein sequence adopts so many different three-
dimensional structures is yet not understood. In this work, we describe the assignment of the NMR chemical shifts of two
Alzheimer’s disease fibril polymorphs, P1 and P2, which are formed by the amyloid-beta peptide AB40. The assignment is
based on '3C-detected 3D NCACX and NCOCX experiments MAS solid-state NMR experiments. The fibril samples are
prepared using an extensive seeding protocol in the absence and presence of the small heat shock protein aB-crystallin. In
addition to manual assignments, we obtain chemical shift assignments using the automation software ARTINA. We pres-
ent an analysis of the secondary chemical shifts and a discussion on the differences between the manual and automated
assignment strategies.
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Biological context

Deposition and accumulation of ordered protein aggregates
- amyloid fibrils - in tissues and organs accompanies various
serious neurodegenerative diseases such as Alzheimer’s and
Parkinson’s disease, type II diabetes, cataracts, systemic AA
amyloidosis, etc. (Dobson 1999). The development of tech-
niques for solving amyloid fibril structures, such as solid-
state nuclear magnetic resonance spectroscopy (NMR) and
cryo-electron microscopy (cryo-EM), revealed the poly-
morphic nature of amyloid fibrils (Tycko 2014). Despite the
general similarity that was initially discovered with the help
of X-ray crystallography, fibrils from various proteins and,
moreover, from the same protein display a great variety of
structures (Ke et al. 2020). It is one of the most challenging
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and intriguing tasks in the field of amyloid fibril structural
biology to find a link between fibril structure and its patho-
logical role in the corresponding disease.

As of May 2024, 1070 amyloid structures have been
solved using cryo-EM and deposited in the PDB databank
(https://www.rcsb.org/stats). At the same time, only 48
amyloid structures were solved using solid-state NMR. On
the other hand, the number of chemical shifts obtained from
solid-state NMR amyloid samples in the BMRB database is
steadily increasing (https://bmrb.i0). In total, 292 chemical
shift data sets were deposited that were obtained from solid-
state NMR experiments. 65 of these were determined from
amyloid fibril samples. Although cryo-EM has proven to be
a more efficient method for the initial structure determina-
tion of fibrils, it fails to provide information on dynamic
regions of the fibrils (Reif et al. 2021). Such dynamic parts,
called ‘fuzzy-coat’, have recently been identified as key
regions for fibril formation and their interactions with the
environment and possible inhibitors (Khare et al. 2023; Ula-
mec et al. 2020). As of today, NMR spectroscopy is the only
experimental method that can shed light on the structure and
features of the unstructured parts of the fibrils. Therefore,
developing solid-state NMR methodology to study amyloid
fibrils remains of great importance.
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A time-limiting step in NMR studies, especially in the
solid-state, is the assignment of the NMR chemical shifts.
In the past years, several tools for automated analysis of
NMR data, including peak picking, structure determination,
and resonance assignment, were developed (Bartels et al.
1997; Garrett et al. 2011; Guerry and Herrmann 2011; Giin-
tert 2009; Hu et al. 2011; Klukowski et al. 2018; Li et al.
2021; Schmidt and Guntert 2012; Wiirz and Glintert 2017;
Zimmerman et al. 1997). In early 2022, a cloud computing
service, NMRtist (https://nmrtist.org), was released for fully
automated analysis of protein NMR spectra using deep-
learning approaches. A machine learning-based method was
introduced as part of the platform ARTINA (Klukowski et
al. 2022). ARTINA takes the protein sequence and spectra
as input for solution-state NMR and provides signal posi-
tions, resonance assignments, and structures as output. In
the case of solid-state NMR, manually picked peaks must
be provided to perform NMR resonance assignment. Since
the training sets for solid-state NMR are not sufficiently big,
the reliability of those automated assignments can still be
improved.

In the current work, we focus on assigning and character-
izing two very similar yet different polymorphs of amyloid
fibrils formed by Alzheimer’s disease PB-amyloid peptide
1-40 (AP40). Aggregation of AP peptides in the brain tissue
is a biomarker of Alzheimer’s disease (Tanzi and Bertram
2005). The rather small 40-residue peptide represents one
of the most studied amyloid models. So far, over 14 dif-
ferent AP40 fibril structures have been determined (Bertini
et al. 2011; Kollmer et al. 2019; Lu et al. 2013; Paravastu
et al. 2008; Pfeiffer et al. 2024). However, not all possible
morphologies seem to be uncovered yet. We have shown
recently that the small heat shock protein aB-crystallin
inhibits the propagation of the seed structure (polymorph
P1) in AB40 fibrils and leads to the formation of a new poly-
morph (P2) with an unstructured N-terminus (Rodina et
al. 2024). The two polymorphs in our study do not match
the already published structures. Therefore, we performed
chemical shift assignments for both polymorphs using
classical carbon-detected solid-state NMR experiments
and compared our manual assignments with an automated
assignment performed by ARTINA(Klukowski et al. 2022).

Methods and experiments

Protein expression and purification

A pET28(+) vector carrying the DNA sequence coding for
the AB40 peptide as an insert was used to transfer compe-

tent BL21(DE3) cells. To grow E.Coli cultures isotopically
enriched M9 medium ('*NH,CI (0.5 gL "),'3C glucose (2
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gL™1)) or ’N'3C labeled Silantes medium were used. Over-
expression was induced from addition of 1 mM isopropyl-
b-d-thio-galactopyranoside (IPTG) when transformed cells
reached an optical density of ~0.6-0.7 at 600 nm (ODyj).
Cells were harvested after overexpression for 4 h at 37°C
by centrifugation (130 rpm). The produced AB40 peptide
is accumulated in inclusion bodies (IBs). Cell lysis from
1 L culture was performed by resuspending the cell pel-
let in 50 ml 20 mM Tris-HCI buffer (pH 8.0) containing
20 mg*mL~! DNAse I and 2 tablets of complete protease
inhibitor (Roche). The suspension was sonicated for 5 min
on ice ((30% amplitude, 1 s pulse on, 1 s pulse off). The
supernatants were disposed, and the pellets containing the
IBs further washed in the next steps.

IBs containing APB40 were washed twice by incubation
followed by sonification and centrifugation for 30 min
(24,000 rcf, 4 °C). In the first wash step, 25 ml 20 mM
Tris buffer (pH 8.0) containing 0.4% Triton-100 and 1 tab-
let of complete protease inhibitor was used. In the second
wash step, IBs were resuspended in 25 ml 20 mM Tris buf-
fer (pH 8.0). Each wash step was followed by incubation
at RT for 10 min with gentle shaking and further sonifica-
tion on ice (3 min, 30%, | s pulse on, 1 s pulse off). The
IBs were solubilized by resuspending the pellet in 20 mM
Tris (pH 8.0) buffer containing 6 M GdnHCI and, followed
by 10 min incubation on ice followed by sonification for
3 min (30% amplitude, 1 s pulse on, 1 s pulse off). The dis-
solved IBs were centrifuged for 30 min (24,000 rcf, 4 °C)
using a fiberlite F21-8 x50y fixed-angle rotor (Thermo-
Fisher). The supernatant was subsequently filtered through
a 0.22 um MWCO membrane. The filtered supernatant was
loaded onto a reverse-phase chromatography SOURCE30
RPC column that was equilibrated using 80% buffer A (10
mM NaN5) and 20% buffer B (80% acetonitrile, 0.3% TFA).
A gradient from 20 to 60% of buffer B was applied using a
Dionex UltiMate 3000 HPLC system (Thermo Scientific).
The absorbance at 200 nm was measured to detect AB40
peptide in the collected fractions. The concentration of the
eluted peptide in each fraction was estimated using a Nano-
Drop 2000 spectrophotometer (Thermo Scientific). Mass
spectrometry and SDS-Tris gel electrophoresis were used to
verify the purity of the peptide. The fractions of the eluted
peptide were lyophilized and stored at -80 °C. The recombi-
nant AP peptide contains an additional N-terminal methio-
nine that was shown previously to not alter the biochemical
and biophysical properties of the peptide (Walsh, Thulin et
al. 2009).

Recombinant wild-type aB-crystallin (aBC) was kindly
provided by the group of Prof. Johannes Buchner, TU
Miinchen. The sHSP was expressed and purified as described
previously (Mainz et al. 2009; Peschek et al. 2009).
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Preparation of AB40 monomeric stock solutions

Lyophilized recombinant '3C,'*N-labeled Ap40 peptide was
freshly dissolved in 10 mM NaOH to yield a final concen-
tration of approximately 200 uM before each experiment.
The solution was sonified twice for 5 min in a water bath; in
between the sonication cycles, as well as before and after, the
peptide solution was kept on ice. To remove pre-aggregated
protein, the solution was centrifuged for 20 min at 21,000
rcf at 4 °C. In addition, the supernatant was filtered through
a filter with a 0.2 um MWCO membrane. This was followed
by another round of centrifugation for 30 min at 21,000 rcf,
at 4 °C. The concentration of the peptide stock solution was
determined by recording an absorption spectrum using a
high-precision cell 10 mm quartz cuvette (Hellma Analyt-
ics) in a V-750 spectrophotometer (Jasco, Japan), assuming
the extinction coefficient &,5=1,490 M~"-cm™' that was
calculated using the ProtParam online tool (Gasteiger et al.
2005).

Seed preparation

Preformed fibrils (seeds) were used as a template to obtain a
homogeneous fibril preparation. In order to obtain the initial
polymorph 1 (P1), we employed a protocol that starts from
a 50 pM monomeric AB40 solution in 50 mM phosphate
buffer (pH 7.4, supplemented with 50 mM NaCl, 0.1%
NaN;) and involves 12 generations of seeding at 37 °C, as
described previously (Lopez del Amo et al. 2012). Fibrils
were grown over a period of 10 days (AB40 monomer con-
centration: 50 uM) under constant shaking in the presence
of 5% (w/w) seeds and 50 mM phosphate buffer (pH 7.4,
supplemented with 50 mM NaCl, 0.1% NaN,) at 37 °C. The
initial polymorph 2 (P2) fibrils were obtained by incubating
a 50 pM monomeric AB40 solution with 5% (w/w) P1 seeds
that were premixed right before the start of the experiment
using a 5 uM solution of the small heat shock protein alpha-
B-crystallin (aBC). The solution was incubated for 2 weeks
under constant agitation in a 50 mM phosphate buffer (pH
7.4, supplemented with 50 mM NaCl, 0.1% NaN) at 37 °C.
aBC was washed away by sedimenting the fibrils at 4 °C
and 21.000 rcf. The supernatant was carefully removed,
and the pellet was resuspended in the same amount of fresh
buffer. To ensure that all aBC is washed away, this proce-
dure was repeated 5 times. Finally, the fibrils were dialyzed
against a fresh buffer at 4 °C overnight. To prepare seeds,
fibrils were sonicated in a glass vial in a water bath sonicator
for 5 (first generation) or 10 (second generation) minutes in
a water bath for both P1 and P2. Sonication was performed
directly before using the seeds. The preparation of P2 seeds
is described in more detail in Rodina et al. (Rodina et al.
2024).

Preparation of the fibril sample for solid-state NMR

Fibril growth was carried out in glass vials under constant
shaking at 160 rpm (Innova 40, New Brunswick Scien-
tific) at 37 °C. To yield the final fibril sample two rounds
of seeding were performed. The first generation used 2 mg
of labeled peptide for each preparation. The stock solution
was diluted with 50 mM phosphate buffer (pH 7.4, supple-
mented with 50 mM NaCl, 0.1% NaNj,) to a final concen-
tration of 50 uM (0.224 mg/ml). After the pH shift, 5%
(w/w) seeds were added. The sample was incubated for 3
days. The fibrils obtained this way were used as seeds and
mixed with a fresh batch of AB40 diluted with 50 mM phos-
phate buffer (pH 7.4, supplemented with 50 mM NaCl,
0.1% NaNj3) to a final concentration of 50 uM. The total
amount of '*C,'>N labeled AB40 in the second generation
was 10 mg. The second generation of fibrils was grown for
a period of 10 days. The grown fibrils of the second genera-
tion were visualized with transmission electron microscopy
(TEM). Mature fibrils from each preparation were collected
by centrifugation at 21,000 rcf (4 °C), and supernatants
were carefully removed. 1.9 mm ZrO, (Bruker Corporation,
USA) magic angle spinning (MAS) rotors were packed by
sedimenting ~8 mg of material using the spiNpack 1.9 mm
rotor packing tool (Giotto Biotech) and an ultracentrifuge
(Optima L100 XP, Beckman Coulter, USA) at 28,000 rcf at
12 °C using a SW32Ti swinging bucket rotor. The packed
rotors were kept at 4 °C.

Transmission electron microscopy (TEM)

Continuous carbon-coated copper grids (Ted Pella, Inc,
USA) were glow-charged for 30 s under reduced pres-
sure. 5 pl of a 50 uM sample was incubated on the grid for
90 s. Phosphate salts were removed by washing with 20 pul
ddH,O0. For staining, 5 pl of a 2% uranyl acetate solution
was applied for 45 s. A JEOL 1400 plus microscope (JEOL,
Japan) was used to take micrographs at various magnifi-
cations. ImageJ (National Institute of Health, USA) was
employed to process, analyze, and scale the images.

Solid-state NMR spectroscopy

2D and 3D solid-state NMR spectra of uniformly labeled
13C,">N-labeled AP40 fibril samples were recorded using
a Bruker Avance III 750 MHz spectrometer equipped with
a triple-resonance ('H,'>C,'>N) 1.9 mm MAS probe. The
MAS rotation frequency was adjusted to 16.65 kHz and
sample temperature was maintained at 10 °C using cooling
gas with a flow rate of 550 L/h. During acquisition, high-
power proton decoupling (oRF/2n=100 kHz) was applied
using SPINAL-64. Cross-polarization was employed for
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the !-'* C magnetization transfer. '3C,'3C transfers were
achieved via PDSD or DARR using a mixing time of 30
or 50 ms (Takegoshi et al. 2003). Conventional 3D NCA/
NCO, NCACX and NCOCX experiments were recorded for
further chemical shift assignment (McDermott et al. 2000;
Pauli et al. 2001). For each polymorph, two sets of experi-
ments (without non-uniform sampling (NUS) and with
NUS) were recorded (Hyberts et al. 2010). Optimal Con-
trol was employed for pulse shape optimization in selec-
tive coherence transfer between '’N and '3C (aliphatic or
CO) (Baldus et al. 1998; Tosner et al. 2018). Spectra were
processed in TopSpin 3.5 and 4.0.7 (Bruker Corporation,
USA). 3D spectra recorded with NUS were reconstructed
using NMRPipe (Hyberts et al. 2010). '3C and "N chemi-
cal shift referencing was achieved using an external stan-
dard, N-formyl-[U-"3C,'>N]-L-Met-L-Leu-L-Phe (MLF)
purchased from Cambridge Isotope Laboratories (Andover,
MA). The exact chemical shifts of the '*C and '°N are pro-
vided in Hong et al. (Hong and Griffin 1998) and Jaroniec et
al. (Jaroniec et al. 2001). Chemical shift assignments were
carried out using CCPN 2.4. and CCPN 3.1.1 (Collaborative
Computational Project for NMR) (Skinner et al. 2016; Ste-
vens et al. 2011; Vranken et al. 2005). To yield assignments,
the strategy described in Pradhan et al. 2021 was employed
(Pradhan et al. 2021). For automated chemical shift assign-
ment by ARTINA, manually picked peak lists for PDSD,
NCA, NCACX and NCOCX spectra were provided (Klu-
kowski et al. 2022). To predict random coil chemical shifts,
the tab2bmrb tool was used which was developed by Dr.
Jaravine (Dept. of Structural Biology, BIOZENTRUM,
Basel University), and was provided by BMRBJ (https://
bmrb.io/tab2bmrb/). The predicted random coil chemical
shifts were validated using an online tool provided by the
SBiNLab at the University of Copenhagen (https://www]1.
bio.ku.dk/english/research/bms/sbinlab/randomchemical-
shifts1/) (Kjaergaard and Poulsen 2011; Schwarzinger et
al. 2001). The values of the predicted random coil chemical
shifts are provided in the SI Table 3. The secondary chemi-
cal shifts were corrected with respect to the random coil
shifts and calculated as follows:

[Co (observed) — C, (random coil)]

— [Cjs (observed) — Cy (random coil)]

The correlation factor between secondary chemical shifts
was calculated using the correl(x, y) function

> (v 2)(y— )
JZ =) Y (- 7).

correl (z,y)
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,where 7., y represent the average values for x and y. Sec-
ondary structures were predicted from assigned chemical
shifts using TALOS + server (Shen et al. 2009). Origin-2023
was used for plotting.

Results
Reproducibility of the sample preparation

In the first step, we wanted to test whether subsequent fibril
preparations using the P1 and P2 seeds yield reproducible
homogeneous solid-state NMR spectra. For this purpose,
three APB40 fibril samples were prepared for each type of
seed, using 5% (w/w) P1 and P2, respectively. The prep-
arations resulted in a very similar spectral pattern in 2D
BC-13C PDSD and 2D NCA experiments, suggesting that
the structure of the fibrils is reproduced from one prepara-
tion to another (Fig. 1). Although the fibrils show a high
degree of structural homogeneity, P1 and P2 appear to be
different (Fig. 2, A). Inspection of the serine spectral region
reveals that the P1 and P2 adopt a distinct polymorphic
structure (Fig. 1, B, D). AB40 contains only two serine resi-
dues at positions 8 and 26 in its sequence. The appearance
of exactly 2 cross peaks suggests that each preparation is
homogeneous. The difference in the serine chemical shifts,
however, indicates that the structures of the two polymorphs
are distinct.

Manual chemical shift assignments obtained from
carbon-detected experiments

To identify the fibril core and flexible regions, we recorded
carbon-detected 3D MAS solid-state NMR experiments
using uniformly labeled (**C,'>N) samples packed into
1.9 mm rotors for both P1 and P2 fibril preparations. The
sequential assignments were obtained using standard 3D
NCACX and 3D NCOCX experiments (McDermott et al.
2000) employing the strategy described by Pradhan et al.
(Pradhan et al. 2021). Examples of 2D strips extracted from
those experiments are represented in Fig. 2, B. The manual
assignment procedure was repeated 3 times for each poly-
morph. The software packages CcpN v.2.4.2, v.2.5.2, and
v.3.0.1 were employed for the manual assignment.(Skin-
ner et al. 2016; Stevens et al. 2011; Vranken et al. 2005)
To avoid false positives in peak picking, the appearance of
cross-peaks with a low signal-to-noise ratio was confirmed
by inspection of a second 3D dataset that was recorded inde-
pendently. In total, 35 out of 40 residues for P1 and 27 out
of 40 spin systems for P2 have been unambiguously sequen-
tially assigned. The completeness of backbone assignment
thus amounts to 85% and 65% for P1 and P2, respectively.
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Fig. 1 Reproducibility of the
APB40 fibril polymorph 1 (P1) and
polymorph 2 (P2) preparations.
(A) Superposition of 2D PDSD
13C,13C (left) and 2D "N, '3C cor-
relation spectra (right) obtained
for independent P1 seeded AB40
fibril preparations. For clarity, we
show 2 preparations out of 3. The
2 preparations are represented

in black and cyan. (B) Ile (left)
and Ser (right) regions of the 2D
PDSD '3C,'3C correlation spectra
from Fig. 1A. (C) Superposition
of 2D PDSD "3C,'3C (left) and
2D 5N, 3C correlation spectra
(right) obtained for independent
P2 seeded AB40 fibril prepara-
tions. For clarity, we show 2
preparations out of 3. The 2
preparations are represented in
black and green. (D) Ile (left)
and Ser (right) regions of the 2D
PDSD '3C,'3C correlation spectra
from Fig. 1C
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58% and 45% of all side chain heavy atoms were assigned
for P1 and P2, respectively. Figure 3 shows the carbonyl,
aromatic and aliphatic regions of the 2D '*C,'3C PDSD
spectra for P1 and P2 with assignments. Surprisingly, we
were able to partially assign the first 10 amino acids in P1
fibrils, which were not visible in most preparations (Fig. 2,
C) (Ghosh et al. 2021; Paravastu et al. 2008; Pfeiffer et al.
2024). We believe that the non-structured N-terminal resi-
dues in P2 fibrils form the so-called “fuzzy-coat”, a flexible

region that is important for various interactions of amyloid
fibrils with their environment (Ulamec et al. 2020).

Automated chemical shift assignments from
carbon-detected experiments with ARTINA

Manual chemical shift assignment is most time-limiting
in the analysis of bio-NMR data. Software for automated
assignment is being developed to simplify this task and to
make NMR experiments more accessible. We tested one of
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Fig.2 Solid-state NMR reso- A

nance assignments for P1 and P1
P2 fibrils. (A) TEM images for

P1 (top) and P2 (bottom) fibrils

employed for solid-state NMR

experiments. (B) 2D strip plots

extracted from 3D NCACX and

3D NCOCX spectra focusing

on residues 21A-23D for P1

(left) and P2 (right) fibrils. (C)

Assigned atoms in the protein

sequence for P1 (blue; top) and P2
P2 (green; bottom) Grey-colored
atoms could not be assigned

scale bar =200 nm
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the available artificial intelligence-based programs, ART-
INA, and compared the resulting automated assignment
with our manual assignments. Due to the lower sensitivity
of solid-state NMR spectra and the smaller amount of avail-
able training datasets, automated peak picking has yet to
be implemented for carbon-detected solid-state NMR. We,
therefore, employed manually picked peak lists that were
obtained in due course of the manual assignment procedure
using 2D 3C-13C PDSD, 2D NCA, 3D NCACX, and 3D
NCACX experiments. As it can be seen in Table 1, we iden-
tified more cross-peaks than expected for the NCACX and
NCA experiments for P1. This is due to the fact that peak
picking was performed manually, and in case of uncertainty,
for example, overlapping peaks, all potential cross-peaks
were picked.

ARTINA could assign 100% of the backbone for both
P1 and P2. However, the assignment for several peaks was
ambiguous (Fig. 4A, C). For P1 89.9% of the side chains
were assigned, while for P2 only for 78% of all side chain
atoms solutions were found. Table 1 shows the number and
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percentage of automatically assigned cross-peaks for each
preparation using ARTINA.

Interestingly, we do not obtain confident assignments for
the N-terminal residues 2 A, 3E, and 4 F, as well as for 30 A
in the case of P1. In manual assignments, 3E and 4 F could
not be identified at all, while 2 A was clearly visible. For P1,
the resonances of the residues 10Y-14 H were assigned man-
ually and are believed to be part of a dynamic loop structure
in the fibril. By contrast, ARTINA provides a confident reso-
nance assignment for these amino acids. Overall, the auto-
mated and manually performed assignments for P1 are very
similar and show a high correlation factor (»r=0.9) (Fig. 4B,
left). For P2, the completeness of the assignment was on the
order of 45% and 78% for the side-chain atoms in manual
and automated assignments, respectively. The assignment
by ARTINA differs from the manual one not only in its
completeness but also in the absolute values of the chemi-
cal shifts for the core part of the sequence (Fig. 4B, right).
With a calculated correlation factor of 0.66 the two assign-
ments for P2 can be considered to be rather different. The
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accuracy of the manual assignment is supported by the fact
that the procedure was performed independently three times
by different researchers with the same outcome. Therefore,
a more careful inspection is necessary to understand the ori-
gin of the observed discrepancies. It should be noted that
in both cases, the provided peak lists play a critical role.
The 3D experiments of both polymorphs were recorded
under exactly the same conditions using an equal amount
of labeled material in the rotor. Even though P1 and P2
fibril samples were recorded under comparable conditions,
the sensitivity for the experiments recorded for P2 was sig-
nificantly lower. We speculate that a lower spectral quality
for P2 might be due to the increased global dynamics of
this polymorph. A lower quality of the 3D spectra results in

fewer picked cross peaks (Table 1), leading to a less com-
plete manual assignment. The reduced signal-to-noise ratio
might thus explain the differences between the manual and
automated P2 assignments.

Comparison of the secondary structure for P1 and
P2

Subsequently, we determined the secondary structure
of both polymorphs using the chemical shift infor-
mation obtained from manual assignments. In order
to predict secondary structure from chemical shifts,
the TALOS +server (Shen et al. 2009) was employed
(Fig. 5). For P1, three B-sheets were predicted (2-6;
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Fig. 4 Automated resonance assignment using the software ARTINA,
employing 1*C-detected 3D experiments with manually picked peaks.
A. Colored circles illustrate assigned atoms for P1 fibrils. Blue circles
represent atoms assigned confidently by the Flya algorithm, whereas
cyan circles represent uncertain assignments. B. Residue-specific
secondary chemical shift correlation plot for P1 (left) and P2 (right).
The x- and y- axis depict the experimental secondary chemical shifts
for manual and automated assignments, respectively. The secondary
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chemical shifts are highly correlated for P1 (»=0.90), suggesting that
the manual and the automated assignments yield identical results. The
differences for P2 are more severe (r=0.66.) The secondary chemi-
cal shifts are calculated as the difference between the experimentally
observed chemical shifts and the random coil chemical shift values. C.
Colored circles illustrate assigned atoms in the protein for P2 fibrils.
Green circles represent atoms assigned confidently by the Flya algo-
rithm, whereas yellow circles represent uncertain assignments

Table 1 Completeness of automated assignment using ARTINA for P1 and P2, employing '*C-detected solid-state NMR experiments

Pl P2
experiment  expected observed Cross % assigned % assigned  observed Cross- % assigned % assigned
cross-peaks  cross-peaks  peaks with respect ~ with respect cross-peaks  peaks with with
assigned  to experi- to expected assigned respect to respect to
by mental cross  peaks by experimental expected
ARTINA  peaks ARTINA cross-peaks  peaks
NCACX 171 185 130 70.27 76.02 149 117 78.52 68.42
NCOCX 151 129 105 81.40 69.54 115 77 66.96 50.99
PDSD 1799 487 444 91.17 24.68 513 454 88.50 25.24
NCA 41 46 29 63.04 70,73 111 29 26.13 70.73
all 2162 847 708 83.59 32.75 888 677 76.24 31.31
Fig.5 Secondary structure pre- 10 20 30 40

diction by TALOS + from manu-
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16-24 and 30-39). The PB-sheet are separated by two
major loop regions (7-15 and 25 —20). Surprisingly, the
two histidine residues at positions 13 and 14 in P1 are
predicted to have a high helical propensity. However, due
to the absence of chemical shift information on the pre-
ceding amino acids, formation of helical structure cannot
be unambiguously confirmed. For P2, only spin systems
from V18 onward could be reliably assigned in the man-
ual assignment. Thus, no structural information on the
N-terminal region of the peptide could be obtained. The
two major B-sheets (18-21 and 30-39) are interrupted by
a long loop involving residues 21-29. Similar to P1, the
secondary chemical shifts suggest a coil involving resi-
dues 6-9.

In a recent manuscript, we used the manually obtained
chemical shift assignment for a more detailed structural
comparison of the two polymorphs (Rodina et al. 2024).
Although the core structure of P1 and P2 has similarities,
the correlation plots indicate that several residues are off
the diagonal (D7, S8, A21, E22, D23, K28, G33, M35
and G38). We speculate that these residues determine the
fibril topology and polymorphism. In P1, two salt-bridges
(5R-7D and 6 H-22E) stabilize the N-terminus, while P2
contains one C-terminal salt bridge involving residues
K28-V40. Moreover, we conducted INEPT experiments
to show that there are no flexible residues (no peaks
detected) for P1 fibrils, while several cross-peaks are
observed for P2, indicating a flexible N-terminus.

Structural comparison of P1 and P2 with available
Ab40 structures

AP40 fibrils are one of the most studied amyloid mod-
els, and many different structures have been reported in
the past 20 years. From 11 AB40 fibril structures listed in
the AmyloidAtlas (Sawaya et al. 2021), only 3 contain
a structured N-terminus: 2m4j, 8ot4 and 6shs (Kollmer
et al. 2019; Lu et al. 2013; Pfeiffer et al. 2024). Bertini
and coworkers have reported a further fibril structure
in which the N-terminus was observable and adopted a
B-sheet conformation, which was detached from the core
of the fibril structure (Bertini et al. 2011). Various other
polymorphs with different symmetry, salt-bridge topol-
ogy and morphology were identified (Cerofolini et al.
2020; Ghosh et al. 2021; Paravastu et al. 2008; Pfeiffer
et al. 2024). We, therefore, compared our experimental
chemical shifts for P1 with the three different topologies
that contain a structured N-terminus (2m4;j, 8ot4 and Ber-
tini et al. 2011) (Table 2). For P2, we have chosen the
four topologies with either a 2-fold or a 3-fold symmetry
for a more detailed analysis (2lmn, 2Imo, 2Imp and 21mq)
(Table 2). Chemical shifts were obtained from the BMRB

Table 2 Comparison of P1 and P2 fibrils with selected available AB40 fibril structure models

Region N-term K28-D23 K28-V40 r(Ca) r(CPB) r(Ad) r(CO) <r>

Fold

Method

Ref.

PDB ID

(BMRB ID)

0.12

0.03
0.09
0.4

0.18
0.25
0.0

0.06
0.00
0.0

0.22
0.41
-0.1

yes no

1-40 yes

3

NMR (19009)
cryoEM
NMR

)

Luetal. (2013)
Pfeiffer al. (2024)

2m4;j
8ot4

P1

[o)}
—
(=}

yes yes no

1-37

2-40

0.06

no

yes

yes

Bertini et al. (2011)

0.71
0.73
0.79
0.79

0.61
0.64
0.86

0.77
0.80
0.82

0.68
0.73
0.64

0.76
0.77
0.83

yes yes

no

940
940
940
940

2
2
3

Paravastu et al. (2008) NMR (18127)

2lmn

P2

yes

yes

no

NMR (18128)

2lmo
2lmp
2lmq

yes yes

no

NMR (18129)

yes

yes

no
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for the NMR structures. The respective BMRB IDs are
shown in Table 2. The 8ot4 model by Pfeiffer et al. was
obtained from cryo-EM data. We employed the shift2X
tool for this conformer to predict NMR resonance fre-
quencies (Han et al. 2011). Correlation coefficients (r)
were calculated for Ca, CP, secondary chemical shifts
(A3 =Ca-CB) and CO (Table 2). We find high r-values
for the PDBs 2lmn, 2lmo and 2lmp/2lmq structures that
either adopt 2- or 3-fold symmetry. The average correla-
tion coefficient for the morphology with 3-fold symmetry
(0.79) is slightly higher than that for the 2-fold symmetric
polymorph (0.71 and 0.73). The correlation plots for sec-
ondary chemical shifts are represented in Fig. 6. Unfortu-
nately, none of the published structures with a structured
N-terminus yields satisfying r-values when compared to
our P1 NMR chemical shifts. We believe that P1 and P2

share a similar fibril core structure and differ mainly in
the flexibility of the N-terminus and, as a consequence,
in the residues that are affected by the N-terminus. We are
currently working towards a structural characterization
of both P1 and P2 fibrils to better understand conforma-
tional differences between P1 and P2.

Conclusion

In this work, we have presented the chemical shift assign-
ments for two AB40 fibril polymorphs. For P2, we obtain
a topology that appears to be similar to the 3-fold sym-
metric structure previously determined by Paravastu et
al. (PDB 2lmp, 2lmq) that exhibits a flexible N-terminus
(Paravastu et al. 2008). By contrast, we could assign the

Fig. 6 Residue-specific secondary A D
chemical shift correlation plots. 4 ; . 4
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The x- and y- axes depict the 4 _ . = _ s 23
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N-terminal amino acids for P1. No similarities between P1
and other available AB40 fibril structures could be identi-
fied. To confirm our manual assignments, we tested the
ARTINA software using chemical shift information from
PDSD, NCACX and NCOCX experiments. We find that
the reliability of automated assignments highly depends
on the experimental spectra quality and that careful vali-
dation of the automated assignment is required.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s12104-
024-10189-z.

Acknowledgements This work was supported by the SFB 1035 (Ger-
man Research Foundation DFG, Sonderforschungsbereich 1035, proj-
ects B07). We acknowledge the Bavarian NMR Center (http://www.
bamrz.org) for providing NMR spectrometer time. We acknowledge
financial support from the Helmholtz-Gemeinschaft. We thank Dr.
Carsten Peters for assistance with recording of transmission electron
microscopy images.We are grateful to Melina Daniilidis for the ESI-
MS experiments to verify the purity of the recombinant AB40 peptide.

Author contributions N.R. and B.R. designed research; N.R., R.S.,
D.T, S.S. and Z.N. performed research; N.R., R.S., D.T., S.S., Z.N.
and B.R. analyzed data; and N.R. and B.R. wrote the paper.

Funding Deutsche Forschungsgemeinschaft (DFG), Sonderforschun-
gsbereich (SFB) 1035, project BO7.
Open Access funding enabled and organized by Projekt DEAL.

Data availability The manually obtained NMR chemical shift assign-
ments for polymorph P1 and P2 are deposited in the BMRB under
access codes 52337 and 52338, respectively. NMR chemical shifts
assignment for polymorph P1 and P2 performed by the automated soft-
ware ARTINA are available in Supplementary information Tables 1
and 2, respectively.

Declarations
Competing interests The authors declare no competing interests.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.
org/licenses/by/4.0/.

References

Baldus M, Petkova AT, Herzfeld J, Griffin RG (1998) Cross polariza-
tion in the tilted frame: assignment and spectral simplification in
heteronuclear spin systems. Mol Phys 95:1197-1207

Bartels C, Giintert P, Billeter M, Wiithrich K (1997) GARANT-a gen-
eral algorithm for resonance assignment of multidimensional
nuclear magnetic resonance spectra. ] Comput Chem 18:139-149

Bertini I, Gonnelli L, Luchinat C, Mao J, Nesi A (2011) A new struc-
tural model of AB40 fibrils. ] Am Chem Soc 133:16013-16022

Cerofolini L, Ravera E, Bologna S, Wiglenda T, Boddrich A, Purfiirst
B, Benilova I, Korsak M, Gallo G, Rizzo D et al (2020) Mix-
ing AB(1-40) and AB(1-42) peptides generates unique amyloid
fibrils. Chem Commun (Camb) 56:8830-8833

Dobson CM (1999) Protein misfolding, evolution and disease. Trends
Biochem Sci 24:329-332

Garrett DS, Powers R, Gronenborn AM, Clore GM (2011) A common
sense approach to peak picking in two-, three-, and four-dimen-
sional spectra using automatic computer analysis of contour dia-
grams. 1991. J Magn Reson 213: 357-363

Gasteiger E, Hoogland C, Gattiker A, Duvaud Se, Wilkins MR, Appel
RD, Bairoch A (2005) Protein Identification and Analysis Tools
on the ExPASy server. In: Walker JM (ed) The Proteomics proto-
cols Handbook. Humana, Totowa, NJ, pp 571-607

Ghosh U, Thurber KR, Yau WM, Tycko R (2021) Molecular structure
of a prevalent amyloid-f fibril polymorph from Alzheimer’s dis-
ease brain tissue. Proc Natl Acad Sci U S A 118

Guerry P, Herrmann T (2011) Advances in automated NMR protein
structure determination. Q Rev Biophys 44:257-309

Gtintert P (2009) Automated structure determination from NMR spec-
tra. Eur Biophys J 38:129-143

Han B, Liu Y, Ginzinger SW, Wishart DS (2011) SHIFTX2: sig-
nificantly improved protein chemical shift prediction. J Biomol
NMR 50:43-57

Hong M, Griffin RG (1998) Resonance assignments for solid peptides
by dipolar-mediated 13 C/15 N correlation solid-state NMR. J
Am Chem Soc 120:7113-7114

Hu KN, Qiang W, Tycko R (2011) A general Monte Carlo/simulated
annealing algorithm for resonance assignment in NMR of uni-
formly labeled biopolymers. J Biomol NMR 50:267-276

Hyberts SG, Takeuchi K, Wagner G (2010) Poisson-gap sampling
and forward maximum entropy reconstruction for enhancing the
resolution and sensitivity of protein NMR data. ] Am Chem Soc
132:2145-2147

Jaroniec CP, Tounge BA, Herzfeld J, Griffin RG (2001) Frequency
selective heteronuclear Dipolar Recoupling in rotating sol-
ids: Accurate 13 C—15 N Distance measurements in uniformly
13 C,15 N-labeled peptides. ] Am Chem Soc 123:3507-3519

Ke PC, Zhou R, Serpell LC, Riek R, Knowles TPJ, Lashuel HA,
Gazit E, Hamley IW, Davis TP, Fandrich M et al (2020) Half
a century of amyloids: past, present and future. Chem Soc Rev
49:5473-5509

Khare SD, Chinchilla P, Baum J (2023) Multifaceted interactions
mediated by intrinsically disordered regions play key roles in
alpha synuclein aggregation. Curr Opin Struct Biol 80:102579

Kjaergaard M, Poulsen FM (2011) Sequence correction of random coil
chemical shifts: correlation between neighbor correction factors
and changes in the Ramachandran distribution. J Biomol NMR
50:157-165

Klukowski P, Augoff M, Zieba M, Drwal M, Gonczarek A, Walczak
MJ (2018) NMRNet: a deep learning approach to automated peak
picking of protein NMR spectra. Bioinformatics 34:2590-2597

Klukowski P, Riek R, Giintert P (2022) Rapid protein assignments and
structures from raw NMR spectra with the deep learning tech-
nique ARTINA. Nat Commun 13:6151

Kollmer M, Close W, Funk L, Rasmussen J, Bsoul A, Schierhorn A,
Schmidt M, Sigurdson CJ, Jucker M, Fandrich M (2019) Cryo-
EM structure and polymorphism of AP amyloid fibrils purified
from Alzheimer’s brain tissue. Nat Commun 10:4760

Li DW, Hansen AL, Yuan C, Bruschweiler-Li L, Briischweiler R
(2021) DEEP picker is a deep neural network for accurate

@ Springer


https://doi.org/10.1007/s12104-024-10189-z
https://doi.org/10.1007/s12104-024-10189-z
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

N. Rodina et al.

deconvolution of complex two-dimensional NMR spectra. Nat
Commun 12:5229

Lopez del Amo JM, Schmidt M, Fink U, Dasari M, Fandrich M, Reif B
(2012) An asymmetric dimer as the basic subunit in Alzheimer’s
disease amyloid B fibrils. Angew Chem Int Ed Engl 51:6136-6139

Lu JX, Qiang W, Yau WM, Schwieters CD, Meredith SC, Tycko R
(2013) Molecular structure of B-amyloid fibrils in Alzheimer’s
disease brain tissue. Cell 154:1257-1268

Mainz A, Jehle S, van Rossum BJ, Oschkinat H, Reif B (2009) Large
protein complexes with Extreme Rotational Correlation Times
Investigated in solution by Magic-Angle-spinning NMR spec-
troscopy. J Am Chem Soc 131:15968-15969

McDermott A, Polenova T, Bockmann A, Zilm KW, Paulson EK, Mar-
tin RW, Montelione GT (2000) Partial NMR assignments for uni-
formly (13 C, 15 N)-enriched BPTI in the solid state. J Biomol
NMR 16:209-219

Paravastu AK, Leapman RD, Yau WM, Tycko R (2008) Molecular
structural basis for polymorphism in Alzheimer’s beta-amyloid
fibrils. Proc Natl Acad Sci U S A 105:18349-18354

Pauli J, Baldus M, van Rossum B, de Groot H, Oschkinat H (2001)
Backbone and side-chain 13 C and 15 N signal assignments of the
alpha-spectrin SH3 domain by magic angle spinning solid-state
NMR at 17.6 Tesla. ChemBioChem 2:272-281

Peschek J, Braun N, Franzmann TM, Georgalis Y, Haslbeck M,
Weinkauf S, Buchner J (2009) The eye lens chaperone alpha-
crystallin forms defined globular assemblies. Proc Natl Acad Sci
U S A106:13272-13277

Pfeiffer PB, Ugrina M, Schwierz N, Sigurdson CJ, Schmidt M, Fan-
drich M (2024) Cryo-EM analysis of the Effect of seeding with
brain-derived AP amyloid fibrils. ] Mol Biol 436:168422

Pradhan T, Annamalai K, Sarkar R, Hegenbart U, Schonland S, Fan-
drich M, Reif B (2021) Solid state NMR assignments of a human
A-III immunoglobulin light chain amyloid fibril. Biomol NMR
Assign 15:9-16

Reif B, Ashbrook SE, Emsley L, Hong M (2021) Solid-state NMR
spectroscopy. Nat Rev Methods Primers 1

Rodina N, Hornung S, Sarkar R, Suladze S, Peters C, Schmid PWN,
Niu Z, Haslbeck M, Buchner J, Kapurniotu A et al (2024) Modu-
lation of Alzheimer’s Disease AB40 Fibril Polymorphism by
the small heat shock protein oB-Crystallin. J Am Chem Soc
146:19077-19087

Sawaya MR, Hughes MP, Rodriguez JA, Riek R, Eisenberg DS (2021)
The expanding amyloid family: structure, stability, function, and
pathogenesis. Cell 184:4857-4873

Schmidt E, Giintert P (2012) A new algorithm for reliable and general
NMR resonance assignment. ] Am Chem Soc 134:12817-12829

@ Springer

Schwarzinger S, Kroon GJ, Foss TR, Chung J, Wright PE, Dyson
HJ (2001) Sequence-dependent correction of random coil NMR
chemical shifts. J Am Chem Soc 123:2970-2978

Shen Y, Delaglio F, Cornilescu G, Bax A (2009) TALOS+: a hybrid
method for predicting protein backbone torsion angles from
NMR chemical shifts. J Biomol NMR 44:213-223

Skinner SP, Fogh RH, Boucher W, Ragan TJ, Mureddu LG, Vuister
GW (2016) CcpNmr AnalysisAssign: a flexible platform for inte-
grated NMR analysis. J Biomol NMR 66:111-124

Stevens TJ, Fogh RH, Boucher W, Higman VA, Eisenmenger F, Bar-
diaux B, van Rossum BJ, Oschkinat H, Laue ED (2011) A soft-
ware framework for analysing solid-state MAS NMR data. J
Biomol NMR 51:437-447

Takegoshi K, Nakamura S, Terao T (2003) C13-1H dipolar-driven
C13-13 C recoupling without C13 rf irradiation in nuclear mag-
netic resonance of rotating solids. J Am Chem Soc 118:2325-2341

Tanzi RE, Bertram L (2005) Twenty years of the Alzheimer’s disease
amyloid hypothesis: a genetic perspective. Cell 120:545-555

Tosner Z, Sarkar R, Becker-Baldus J, Glaubitz C, Wegner S, Engelke
F, Glaser SJ, Reif B (2018) Overcoming volume selectivity of
Dipolar Recoupling in Biological solid-state NMR spectroscopy.
Angew Chem Int Ed 57:14514-14518

Tycko R (2014) Physical and structural basis for polymorphism in
amyloid fibrils. Protein Sci 23:1528-1539

Ulamec SM, Brockwell DJ, Radford SE (2020) Looking beyond the
core: the role of flanking regions in the aggregation of amyloido-
genic peptides and proteins. Frontiers Media S.A., Front Neuro-
sci, p 611285

Vranken WF, Boucher W, Stevens TJ, Fogh RH, Pajon A, Llinas M,
Ulrich EL, Markley JL, Ionides J, Laue ED (2005) The CCPN
data model for NMR spectroscopy: development of a software
pipeline. Proteins 59:687-696

Walsh DM, Thulin E, Minogue AM, Gustavsson N, Pang E, Teplow
DB, Linse S (2009).A facile method for expression and purifica-
tion of the Alzheimer’s disease-associated amyloid beta-peptide.
FEBS J. 276: 1266-1281

Wiirz JM, Giintert P (2017) Peak picking multidimensional NMR
spectra with the contour geometry based algorithm CYPICK. J
Biomol NMR 67:63-76

Zimmerman DE, Kulikowski CA, Huang Y, Feng W, Tashiro M, Shi-
motakahara S, Chien C, Powers R, Montelione GT (1997) Auto-
mated analysis of protein NMR assignments using methods from
artificial intelligence. J Mol Biol 269:592-610

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.



	﻿Manual and automatic assignment of two different Aβ40 amyloid fibril polymorphs using MAS solid-state NMR spectroscopy
	﻿Abstract
	﻿Biological context
	﻿Methods and experiments
	﻿Protein expression and purification
	﻿Preparation of Aβ40 monomeric stock solutions
	﻿Seed preparation
	﻿Preparation of the fibril sample for solid-state NMR
	﻿Transmission electron microscopy (TEM)
	﻿Solid-state NMR spectroscopy

	﻿Results
	﻿Reproducibility of the sample preparation
	﻿Manual chemical shift assignments obtained from carbon-detected experiments
	﻿Automated chemical shift assignments from carbon-detected experiments with ARTINA
	﻿Comparison of the secondary structure for P1 and P2
	﻿Structural comparison of P1 and P2 with available Ab40 structures

	﻿Conclusion
	﻿References


