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Structural Impact of N-terminal Pyroglutamate in an
Amyloid-f3(3-42) Fibril Probed by Solid-State NMR

Spectroscopy

Luis Gardon™,”* "' Nina Becker®,™ " Lothar Gremer,*!

Extracellular amyloid-B (AB) plaques, primarily formed by ApB(1-
40) and AB(1-42) fibrils, are a hallmark of Alzheimer’s disease.
The AP peptide can undergo a high variety of different post-
translational modifications including formation of a pyrogluta-
mate (pGlu, pE) at N-terminal Glu3 or Glu11 of truncated AB(3-
x) or AB(11-x), respectively. Here we studied structural similar-
ities and differences between pEAB(3-42) and LS-shaped Ap(1-
42) fibrils grown under identical conditions (pH 2) using solid-

Introduction

Aggregation of amyloid-B (AB) is closely linked to Alzheimer’s
disease (AD)." The dominant components of the senile A
plaques are AB(1-40) and AB(1-42), the latter has been shown to
be more aggregation prone and more toxic.” In addition to the
full-length peptides, different N- and C-terminally truncated Af
species (e.g. 3-x, 11-x), as well as various post-translational
modifications are found in the plaques of AD patients and were
shown to have altered biological and biophysical properties.”
N-terminal Glu residues in truncated AB(3-x) or AP(11-x) are
usually converted to a cyclic pyroglutamate residue (pyroGlu,
pE) (Figure 1A) catalyzed by glutaminyl cyclases, QC,”” leading
to pE-modified AP species (pEAB).

Compared to AB(1-42), pEAB(3-42) shows higher toxicity in
mouse models,” a faster aggregation rate, and it cross seeds
and accelerates the aggregation of AB(1-42).”” NMR studies on
monomeric pEAB(3-40) and pEAP(3-42) revealed significant
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state NMR spectroscopy. We show that the central region of
pEAB(3-42) fibrils including the turn region around V24 is
almost identical to AB(1-42) showing similar B-strands also at
the N-terminus. The missing N-terminal residues D1-A2 along
with pE3 formation in pEAB(3-42) preclude a salt bridge
between K28-D1' as in AP(1-42) fibrils. G37 and G38 act as
highly sensitive internal sensors for the modified N-terminus,
which remains rigid over ~five pH units.
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Figure 1. Production and detection of pEAB(3-42) fibrils. A) Scheme of
pyroglutamylation of AB(3-42) or AB(E3Q-42) to pEAB(3-42), and B) analysis
by RP-HPLC. HPLC runs are shown after 0 h (black) and 24 h (blue)
incubation time at pH 3.5. pEAB(3-42) is already visible at time 0 h since its
formation already starts during TEV cleavage of the fusion construct. C) AFM
image of pEAB(3-42) fibrils.

chemical shift perturbations for the N-terminal residues up to
G9, while the rest of the sequence remains relatively unper-
turbed compared to AP(1-40) and AP(1-42), respectively.” In
contrast to pEAB(3-42) fibrils, pEAB(3-40) fibrils and pEAB(11-40)
fibrils have already been well characterized by solid-state NMR™®
and revealed only small structural changes limited to the N-
terminus when compared to AB(1-40) fibrils. The N-terminus is,
however, flexible in the systems studied. Different to in vitro
AB(1-42) fibril structures with flexible N-termini,””’ an LS-shaped
AB(1-42) fibril morph with the entire N-terminus being part of
the rigid core can be produced at pH 2 in 30% acetonitrile, and
its atomic structure was determined in a combined cryo-EM/
solid-state NMR study.!"”

These fibrils retained their structure including the fixed rigid
N-terminus, apart from few salt bridge rearrangements, when

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH
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exposed to pH 7.1 Here, we used identical fibril preparation
conditions™®"" for recombinant pEAB(3-42), report on a com-
plete NMR resonance assignment and secondary structure
analysis of pEAPB(3-42) fibrils including the influence of a
subsequent shift from pH2 to pH 6.5 and compare it to the
structure of LS-shaped AB(1-42) fibrils.

Results and Discussion

For recombinant production of uniformly [U-"*C,"°N]-labeled
pEAB(3-42) we used an AB(E3Q-42) construct because an N-
terminal GIn, in contrast to Glu, is able to convert chemically at
acidic pH (3.5) into pE (Figure 1A) without the need of a QC
catalyst."? pEAP(3-42) formation was monitored by RP-HPLC
(Figure 1B). pEAPB(3-42) has a longer retention time than
AB(EQ3-42) due to the lack of the hydrophilic amino group at
the N-terminus (Figure 1A). Fibril growth of purified pEAB(3-42)
was completed after several weeks under quiescent conditions
at room temperature. Mostly nonbranched fibrils without any
amorphous aggregates were obtained, as obvious from atomic
force microscopy (AFM) (Figure 1C). Far-UV CD spectra of both
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pEAB(3-42) fibrils and LS-shaped AB(1-42) fibrils show same
characteristics for f-sheet dominated structures (Figure S1).

We compared 2D Proton Driven Spin Diffusion (PDSD)
BC-3C fingerprint spectra of AP(1-42) and pEAB(3-42) fibrils
(Figure 2A, Table S1). Both spectra show clear similarities,
particularly for the range Y10 to 132. Of note, chemical shifts of
V24 located in the turn region of AB(1-42) fibrils are highly
similar for pEAB(3-42) fibrils (Figure 2A, C). These shifts are
characteristic as they show a relatively low Co chemical shift
and two distinct Cy resonances typical for steric restriction,
which were not observed in the spectra of other AB(1-42) fibril
polymorphs with flexible N-termini.”’ Furthermore, both fibrils
show identical resonances for S26 and K28 in the PDSD spectra
(Figure 2A).

As the two spectra show distinct differences for several
amino acids located in other regions (e.g. the N-terminus, G37
and G38, detailed below), we performed a de novo resonance
assignment for pEAB(3-42) fibrils. Using a combination of
different 2D and 3D "C-"C and NCACX/NCOCX spectra, we
assigned all residues unambiguously, except H14, which was
not visible (Figure 2E, S2-5S4, Table S2). As for LS-shaped Ap(1-
42) fibrils,"®"" no protein signals are observed in Insensitive
Nuclei Enhancement by Polarization Transfer (INEPT) spectra of

B 38 D
F 39
c L 40
fos b 41
) b 42
@
Pt 43
b 44 \&
"’8 A21 » ©® °
c 19 18 17 16 15 14 13 % 2\:22\. P"‘ :48
' G
V24 57 D7 E52
€ 132 D7IN2I—, E
& 141 V\.Wz 59 D1 F56
& 1 V39~ 61 pEs—* E60
o y ||:|||||||||-
28 26 24 22 20 188 184 11380 176 172 168
5("*C)ppm d("“C)/ppm
Residue number
F 5 10 15 20 25 30 35 40
4
Le £ §2
a 2
ey
8 % 1.4
(48 927 '
£ 8,4
hel le)
& <1
L2 = 64
wv
i) 4] - - B B 0D
0 ) Emmmmmmm) = B> =) mm) AB(1-42)
SCs
m) ) ) ) mmm—) pE AB(3-42)
TALOS-N

Figure 2. Comparison of pEAB(3-42) and AB(1-42) fibrils produced under identical conditions. A) Overlay of 2D "*C-"*C PDSD spectra with 20 ms mixing time at
11 kHz Magic Angle Spinning (MAS) frequency: pEAB(3-42) fibrils (red) and LS-shaped AB(1-42) fibrils (black)."*"" The complete assignment of pEAB(3-42)
fibrils is shown in Figures S2-S4. B, C) Zoomed regions from A: C and Cy/C8 cross peaks for lle residues (B) and Ca and Cy cross peaks for Val (in particular
identical V24) and lle residues (C). D) CO-region of 2D "*C-"*C PDSD spectra with 200 ms mixing time and 12.5 kHz MAS frequency of AB(1-42) fibrils (black)
and 2D "*C-"*C DARR with 100 ms mixing time and 20 kHz MAS frequency of pEApB(3-42) fibrils (bright red). pE3 resonances are clearly visible for the pEAB(3-
42) fibrils, whereas resonances for D1-A2 are missing. E) Chemical shift difference of N, Ca. and CB chemical shifts for pEAB(3-42) and AB(1-42) fibrils. F)
Secondary chemical shifts (SCS) and TALOS-N analysis. A B-strand in SCS is defined when three consecutive residues exhibit (Co-Carc)-(CB-Cprc) <-1.4."? The

asterisk marks missing resonances for H14.

Chem. Eur. J. 2024, 30, €202303007 (2 of 6)

© 2023 The Authors. Chemistry - A European Journal published by Wiley-VCH GmbH

85UB017 SUOWILWIOD BA11E8.10) 8|qeot [dde 8y} Aq pausenob e Sapie O ‘8sn J0 S9INJ 10} AR1q1T 8UIUO A8|IA UO (SUONIPUOD-PUR-SLLIBI WD A8 |IMAe.q1 pul|Uo//:Sty) SUOIPUOD pue SWs | 841 88S " [7202/20/T2] Uo AtelqiTauljuo A1 *BIueD 4o1eesay HAWS yoline wniuezsBunyosio Aq Z0080£202 WeUd/200T 0T/I0p/L0d A8 | im Ake.q1jput juo'adoane-Alis iweyoy/sdiy woly pepeojumod ‘0T ‘fe0 'S9/£T2ST



Chemistry
Europe

European Chemical
Societies Publishing

Research Article

Chemistry—A European Journal doi.org/10.1002/chem.202303007

pPEAB(3-42) fibrils, excluding any highly mobile and flexible parts
(Figure S8)." The carbonyl region of the "C-">C correlation
spectra (PDSD/ Dipolar Assisted Rotational Resonance (DARR))
exhibits resonances for pE3 (Figure 2D) with chemical shifts
typical for N-terminal pE indicating a rigid N-terminus in
pPEAB(3-42) fibrils. Some residues, e.g. S26 (as already reported
for AB(1-42) fibrils"?), as well as some Ala and lle residues
(Figure 2B) show peak doubling, the latter due to conforma-
tional sidechain disorder."™ Peak doubling for G37 and G38 in
NCOCX spectra indicates local structural variations for both
residues (Figure S3). By comparing the chemical shifts of
pPEAB(3-42) fibrils with those of AB(1-42) fibrils produced under
same conditions,"” a conserved region (from V24 to K28) can
be observed (Figure 2E). The missing D1-A2 residues and pE3
formation in pEAB(3-42) fibrils led to changes in chemical shifts
at the N-terminus up to G9, but also at the C-terminus starting
from position G33 with largest changes for C chemical shifts
of G33, G37 and G38 (Figure 2E). Typically, Gly residues allow
more flexibility for the peptide backbone and thus are expected
to be more sensitive to structural changes induced by the
adjacent modified N-terminus. Indeed, G37 and G38 are most
affected by the D1-A2 truncation and pE3 modification. Like-
wise, the N chemical shift of G38 changed by more than
10 ppm to a low value of 103 ppm (Table S2). In LS-shaped
AB(1-42) fibrils G37 and G38 are in close contact with A2 and
part of the hydrophobic cluster composed of A2, V36, F4, L34,
G37 and G38."

Information about torsion angles (Figure S5), secondary
structure and position of the B-strands in pEAB(3-42) fibrils is
obtained from secondary chemical shifts"? and TALOS-N."'¥' A
comparison with results obtained for LS-shaped AB(1-42)
fibrils"” shows similar positions of p-strands (Figure 2F).
Correlation plots which relate residue-specific secondary chem-
ical shifts reported in vitro structures®'®” with those obtained in
this work report larger differences relative to S-shaped fibril
structures® than for LS-shaped fibrils"® (Figure S6).

In LS-shaped AB(1-42) fibrils, F19 and 131 are in close spatial
proximity (Figure 3A), which can be probed by ™C-"*C spin
diffusion at rotational resonance.'”” Cross correlation peaks
indicating a contact between 131 C§ and the aromatic F19
residue were observed in PDSD spectra, where the spinning
speed of 17.2 kHz was matching the chemical shift difference
between aromatic Phe and lle C§ signals (at 600 MHz 'H
frequency) in both, pEAB(3-42) and A(1-42) fibrils (Figure 3B,
Figure S7). This supports the conservation of the turn region
comprising residues F19 to I31. Interestingly, chemical shifts of
C-terminal residues in LS-shaped AP(1-42) fibrils (at pH 2)
changed upon a pH shift to pH 7"'" towards those observed in
pEAB(3-42) fibrils (at pH 2) (Figure 4 A, B). Especially for °N and
BCa of G38 chemical shift differences reduce from 13.0 and
4.8 ppm to 1.7 and 0.4 ppm, respectively.

For LS—ApB(1-42) fibrils shifted to pH 7, the changes at the C-
terminus are explained by a rearrangement of the salt bridge
from K28-D1' at pH2 to K28-A42 at pH7.'M A salt bridge
between K28 and a D1’ residue is obviously absent in pEAB(3-
42) fibrils. We also studied possible alterations of the pEAB(3-42)
fibril structure after pH adjustment to pH 6.5 as performed as
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Figure 3. Rotational resonance dipolar recoupling of F19 and 131 sidechains.
A) L17 to 132 region of LS-shaped AB(1-42) fibrils (PDB:50QV)."” The turn
region includes a close contact between F19 and 131 sidechains. B) PDSD
spectra at 17.2 kHz MAS of pEAB(3-42) fibrils show a cross peak indicating
dipolar interaction of an aromatic F19 carbon and 131 C8. Cross correlation
peaks for V-H/F/Y contacts could not be assigned unambiguously (e.g. V18-
F19 or V12-H13).
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Figure 4. Comparison of pEAB(3-42) at pH 2 and pH shifted AB(1-42) fibrils at
pH 7 by addition of citrate-phosphate buffer. A) NCACX spectra at 11 kHz
MAS frequency of pEAB(3-42) at pH 2 and pH shifted AB(1-42) fibrils at

pH 7. Resonances for 526 remain unchanged in '*C and "N dimension, for
G38 and V24 almost unchanged in '*C, but shifted in N dimension, for A42
shifted in both dimensions (due to change of its protonation state). Shifts of
these resonances are indicated by arrows. B) Chemical shift difference of N,
Ca and CB chemical shifts for pEAB(3-42) at pH 2 and pH-shifted AB(1-42)
fibrils at pH 7. The asterisk marks missing E22/D23 resonance assignments
for AB(1-42) fibrils at pH 7.
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recently described for AB(1-42)."" The added citrate/phosphate
buffer was used as internal pH sensor (Figure S8).

Figure 5A shows the overlay of the 2D *C-">C PDSD spectra
of pEAB(3-42) fibrils at pH2 and pH6.5. As most of the
resonances overlap, we can conclude that the global fold of the
pEAB(3-42) fibrils remains unchanged from pH 2 to pH 6.5. The
C-terminal A42 of pEAB(3-42) fibrils changed from a protonated
(at pH2) to a deprotonated (at pH 6.5) state (Figure 5B), as
already observed for LS-shaped Af(1-42) fibrils upon a pH
shift™ with slow proton exchange on the NMR time scale. The
fact that A42 is protonated excludes a salt bridge between K28
and A42 at low pH. Strong correlation signals typical for Ca-C8
in deprotonated Glu, likely E22, appear at pH 6.5 (Figure 5B)
which is presumably also seen as a shift in the CB-Cy region of
E22 (Figure 5D). Likewise, the D7 CPB resonances shifted by
~2 ppm to higher ppm values (from 41.5 ppm to 43.6 ppm)
upon the pH-shift, typical for deprotonation (Figure 5C). For D7
of AP(1-42) fibrils a fast proton exchange between the
protonated and deprotonated state was observed"” which we
also assume for pEAB(3-42) fibrils. No changes are detected for
K28, in contrast to pH 7 shifted AB(1-42). Compared to our
previous work we do not observe any significant intensity losses
for pEAB(3-42) fibrils at pH 6.5 as seen for AB(1-42) fibrils at
pH 7‘[11]

At pH 6.5 the 1D Direct Excitation (DE) compared to the
Cross Polarization (CP) spectra (Figure S8C—D) do not show
significant differences, and no INEPT signals were observed.
This confirms the absence of any highly mobile parts and
further supports a rigid N-terminus also at pH 6.5.
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Figure 5. pEAB(3-42) fibrils at pH 2 and adjusted to pH 6.5. A) Overlay of 2D
13C-"3C PDSD spectra with 20 ms mixing time of pEAB(3-42) fibrils at pH 2
(red) and pH 6.5 (navy). B—-D) Zoomed regions from A: carbonyl region of
A42 for longer mixing time (200 ms) (B) and the shift of the C-terminal A42
indicate a transition from a protonated to a deprotonated state. Ca-Cf3
region of D7 (C). CB-Cy region of Glu residues (D).
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Figure 6. Characteristics of pEAB(3-42) fibrils. The missing N-terminal
residues D1-A2 along with pE3 formation in pEAB(3-42) preclude the
formation of a salt bridge between K28-D1'as in AB(1-42) fibrils. Residues
G37 and G38 sense N-terminal modifications present in pEAB(3-42) fibrils
compared to AB(1-42) fibrils. The F19-131 contact is preserved in both
structures.

Water-edited experiments (Figure S9) which probe the
global water accessibility also revealed that the overall structure
is retained over ~five pH units, as the build-up is only slightly
enhanced for pH 6.5 compared to pH 2 due to faster chemical
exchange.'"™®

Conclusions

To conclude, in this study we report an in-depth NMR character-
ization of a pEAP(3-42) fibril morph at pH2 and pH6.5.
Comparison with AB(1-42) fibrils prepared under identical
conditions reveals remarkable structural similarities and indi-
cates a conserved central region spanning residues L17 to 132,
around the turn at V24 in both fibrils (Figure 6). The missing N-
terminal residues D1-A2 along with pE3 formation in pEAB(3-
42) preclude the formation of a salt bridge between K28-D1'
present in AB(1-42) fibrils. Obviously, this salt bridge is not
needed for a rigid N-terminus in this fibril morph. G37 and G38
act as highly sensitive sensors for the modified N-terminus as
seen by their shift perturbations. Notably, pEAB(3-42) fibrils
harbor B-strand positions highly similar to those in LS-shaped
AB(1-42) fibrils including the rigid N-terminal region.

Experimental Section

Sample preparation

Expression of the His-tagged AB(E3Q-42) fusion construct was
essentially performed as described” in 2.5 | cultures of [U-"*C,"*N]-
labeled M9 minimal medium with [U-"*C]-glucose and ["*N]-NH,CI
as sole carbon and nitrogen sources. The medium was inoculated
with starter cultures (1:100) and incubated at 37°C and 120 rpm
until an ODg,, of 0.3 was reached. Protein expression was induced
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by adding 0.2 mM isopropyl B-D-1-thiogalactopyranoside (IPTG).
The culture was then incubated at 25 °C at 120 rpm overnight. Cells
were harvested by centrifugation (5.000 xg, 15 min) and cell pellets
were resuspended with ~5 to 8 ml per g cell mass of lysis buffer
(50 MM Na phosphate buffer, pH 7.4, 200 mM NaCl, 0.4 mM
phenylmethylsulfonyl fluoride (PMSF), 5 mg/ml lysozyme). Cell
disrupture was done by sonification under ice cooling (15x10 s on,
60 s off, at 80% amplitude, Bandelin Sonopuls, VS70T sonotrode),
and subsequent ultracentrifugation (55.000 xg, 1 h) was used to
separate the soluble fraction containing the [U-"*C,°N]-AB(E3Q-42)
fusion construct from cell debris. Further purification was done by
immobilized metal ion affinity chromatography (IMAC). For that the
supernatant was loaded on Ni*"-NTA material (two in series
connected 5 ml Ni-NTA Protino columns, Macherey-Nagel, Diren,
Germany), equilibrated with 50 mM Na phosphate buffer, pH 7.4,
200 mM NaCl, 20 mM imidazole, pH 7.4, and connected to an Akta
prime plus system (Cytiva, Germany). Elution of the fusion construct
was achieved by using an imidazole gradient of 20 to 500 mM
imidazole in 50 mM Na phosphate buffer, pH 7.4, 200 MM Nadl,
using a gradient volume of 87.5ml at a flow rate of 2.5 ml/min.
Subsequently, tobacco etch virus (TEV) protease digestion was
performed using 1 mg TEV per 8.5 mg AB(E3Q-42) fusion construct
in 50 mM Na phosphate buffer, pH 7.4, 200 mM NaCl for 7 days at
4°C. After 3 days incubation 15 mM Tris(2-carboxyethyl)phosphin
(TCEP) was added as reducing agent. [U-"*C,"’N]-AB(E3Q-42) was
then further purified by semipreparative RP-HPLC on Zorbax SB-
300 C8 (9.4 mm x 250 mm column, Agilent, Boblingen, Germany)
connected to an Agilent 1260 Infinity system with UV detection at
214 nm and a column temperature of 80 °C. The mobile phase used
was isocratic aqueous 30% (v/v) acetonitrile (ACN), 0.1% (v/v)
trifluoroacetic acid (TFA). Purified [U-"C,">N]-AB(E3Q-42) was freeze
dried, and pyroGlu formation of the N-terminal was performed as
described” by dissolving lyophilized [U-"C,°NJ-AB(E3Q-42) in
30 mM sodium acetate, pH 3.5 (pH adjusted with acetic acid) at a
concentration of 0.25 mg/ml and incubation at 4°C for 3 days. A
further semipreparative HPLC purification step under the same
isocratic conditions (aqueous 30% (v/v) ACN, 0.1% (v/v) TFA, pH 2)
as described above yields pure [U-"*C,°N]-pEAB(3-42) with typical
purities of above 97 %. Fibril growth of pEAB(3-42) was achieved by
quiescent incubation of ~6 uM pEAB(3-42) directly in the mobile
HPLC phase (aqueous 30% (v/v) ACN, 0.1 % (v/v) TFA, pH 2) for one
month at RT as already described for Ap(1-42)."”

Atomic force microscopy (AFM) and far-UV circular dichroism
(CD) spectroscopy

For AFM, typically 4 ul samples of pEAB(3-42) fibrils in aqueous 30%
(v/v) ACN, 0.1% (v/v) TFA, pH 2 at concentrations of 10 to 50 uM
(monomer equivalents) were pipetted on a freshly cleaved mica
support and incubated for 10 min. Then the mica was dried with a
gas stream of nitrogen. AFM micrographs were recorded in peak-
force tapping mode on a Bruker Multimode 8 (Billerica, Massachu-
setts, USA) using OMCL-AC160TS cantilevers (Shinjuku, Tokyo,
Japan) using ScanAsyst software at 1024x1024 pixel resolution. The
images were processed with Gwyddion 2.61.1

For far-UV CD spectroscopy, samples of pEAB(3-42) fibrils or AB(1-
42) fibrils in aqueous 30% (v/v) ACN, 0.1% (v/v) TFA, pH 2 at typical
concentrations in the range of 12 to 32 uM (monomer equivalents)
were placed into 1T mm quartz cuvettes (Helma, Germany) and
measured with following instrument settings on a Jasco J-1100 CD
spectropolarimeter: 0.1 nm step size, 50 nm/min scan speed, 1 nm
bandwidth, 10 accumulations, 20°C.
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Rotor filling and pH shift

[U-"*C,">N]-pEAB(3-42) fibrils in aqueous 30% (v/v) ACN, 0.1% (v/v)
TFA, pH 2 were harvested by centrifugation (15.000 xg, 60 min) and
applied by centrifugation (500 xg, 60 sec), into a 3.2 mm thick wall
rotor (Bruker, Germany) by homemade rotor filling tools. For the
pH 6.5 shifted fibril sample harvested [U-">C,"*N]-pEAB(3-42) fibrils
(grown at pH 2 in 30% (v/v) ACN, 0.1% (v/v) TFA) were adjusted to
pH 6.5 by addition and mixing of 10 ul citrate-phosphate buffer
stock, pH7.0% to 40l harvested fibril pellet as described
previously."" The citrate-phosphate buffer stock was obtained by
mixing aqueous solutions of 17.65 vol% of 0.25 M citric acid and
82.35vol% of 0.5M Na,HPO, The pH6.5 adjusted [U-">C,'°N]-
pPEAB(3-42) fibril sample thus contained aqueous 24% (v/v) ACN,
0.08% (v/v) TFA, 8235 mM Na,HPO,, 8.825 mM citric acid, and
placed in a 3.2 mm thin wall rotor (Bruker, Germany) as described
above. As previously described for [U-">C,"*N]-AB(1-42) fibrils"" each
50 ul rotor sample contains ~1.7 to 2.1 mg [U-"°C,"°N]-pEAB(3-42)
fibrils, equivalent to 380 to 460 nmol monomer equivalents of
[U-"*C,"*N]-pEAB(3-42), which corresponds to final [U-">C,"°N]-
PEAB(3-42) concentrations of 7.5 to 9.3 mM. Thus, the fibril
preparations contain ~96 % solvent and are highly hydrated. In our
previous study on pH 2 to pH 7 adjusted AB(1-42) fibrils, we could
exclude an effect of the citrate-phosphate buffer on the Ap(1-42)
fibril structure."

Solid-state NMR experiments

Solid-state  NMR experiments were conducted on an 188 T
(800 MHz 'H frequency) Avance Il and 14.1 T (600 MHz 'H
frequency) Bruker AVANCE NEO spectrometer equipped with triple
resonance HCN 3.2 mm MAS Efree probes. Typical radiofrequency
field strengths were 91-100 kHz for 'H, 55.6 kHz for "C and
455kHz for “N. The VT gas temperature was set to 263K
(thermocouple reported temperature); the sample temperature was
estimated to be around 5-10 K higher due to frictional heating
under MAS. Spinal64®" 'H decoupling (rf field of 85kHz) was
applied during "C acquisition. The MAS frequency was set to
11 kHz for most of the Proton Driven Spin Diffusion (PDSD) and
NCACX/NCOCX experiments, 12.5 kHz for other PDSD, 17.2 kHz for
Rotational Resonance experiments and 20 kHz for Dipolar Assisted
Rotational Resonance (DARR). Detailed experimental parameters
can be found in Table S1. C chemical shifts were externally
referenced using adamantane by setting its CH signal to 31.4 ppm
(corresponding to the DSS reference scale). The °N chemical shifts
were indirectly referenced to liquid NH;. All spectra were processed
using TopSpin 3.5 and 4.0.9 (Bruker). The analysis was performed
using CcpNMR Analysis 2.4.22

Water-edited experiments: To probe water-accessibility of the fibrils,
we performed water-edited 1D experiments, where 'H polarization
of the protein is destroyed using a spin-echo T,filter with a t of
2.5 ms duration, followed by a transfer of 'H polarization from
water back onto the protein by longitudinal 'H-'H mixing®
(Figure S8A). Chemical exchange of protons as well as spin diffusion
at the water-protein interface lead to higher intensities for water-
exposed residues compared to residues in the dry interior of the
protein.”” For the global water accessibility, we integrated the
aliphatic regions of the water-edited 1D *C CP spectra for the
pPEAB(3-42) and AB(1-42) fibrils at pH 2 and pH 6.5 (Figure S8B, C).
Comparing water build-up times, we observe a slower build-up for
pEAB(3-42) than for AB(1-42) fibrils at both pH values of pH 2 and
pH 6.5 (Figure S8D), which might be caused by the higher hydro-
phobicity, as three charges are missing for the shorter peptide.
Additionally, the build-up is only slightly enhanced for pH 6.5
compared to pH2 due to faster chemical exchange® also
indicating that the global structure is retained over ~five pH units.
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