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Abstract

The C-terminally truncated Y 145Stop variant of prion protein (PrP23-144) has been linked to a heritable prionopathy in
humans and is also capable of triggering a transmissible prion disease in mice. PrP23-144 can be converted from soluble
monomeric form to amyloid under physiological conditions, providing an in vitro model for investigating the molecular basis
of amyloid strains and cross-seeding barriers. Here, we use magic-angle spinning solid-state NMR to establish the sequential
backbone and sidechain 'C and SN chemical shift assignments for amyloid fibrils formed by the A117V and M129V mutants
of human PrP23-144, which in the context of full length PrP in vivo are among the specific residues associated with develop-
ment of Gerstmann—Straiissler—Scheinker disease. The chemical shift data are utilized to identify amino acids comprising the
rigid amyloid core regions and to predict the protein secondary structures for human PrP23-144 A117V and M 129V fibrils.
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Biological context

Transmissible spongiform encephalopathies (TSEs) or
prion diseases are a family of fatal neurodegenerative disor-
ders in mammals that include Creutzfeldt—Jakob disease in
humans, scrapie in sheep and “mad cow” disease, with their
pathogenesis occurring through accumulation in the central
nervous system of toxic, 3-sheet rich amyloid aggregates
of scrapie-like prion protein (PrP5°) formed by misfolding
of the predominantly a-helical monomeric cellular protein
(PrP€) (Prusiner 1998). Human prion diseases typically
present sporadically but can also be inherited—the latter
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include diseases such as fatal familial insomnia and Ger-
stmann-Straiissler—Scheinker (GSS) disease (Pirisinu et al.
2016; Prusiner 1998). GSS disease is caused by various
pathogenic PrP mutations including P102L, P105L, A117V,
and F198S, which are most often found in combination with
Met/Val polymorphism at codon 129 (Tagliavini et al. 2001;
Young et al. 1997). Furthermore, most GSS disease sub-
types are associated with amyloid fibrils consisting of sig-
nificantly shorter 6—8 kDa peptides typically spanning PrP
residues ~70-150 (Cracco et al. 2019; Piccardo et al. 2001;
Tagliavini et al. 2001).

The Y145Stop PrP variant (PrP23-144), which is associ-
ated with the development of familial PrP cerebral amyloid
angiopathy in humans (Ghetti et al. 1996; Kitamoto et al.
1993) and has been demonstrated to trigger a transmissible
prion disease in mice (Choi et al. 2016), is an established
in vitro model for studying amyloid transmissibility barriers
(Kundu et al. 2003; Surewicz et al. 2006). PrP23-144 also
provides a valuable model for investigating the structural and
kinetic effects of many GSS-associated mutations, given that
this PrP fragment contains most of the residues comprising
the protease-resistant core in amyloid deposits found in GSS
disease patients (Kundu et al. 2003; Surewicz et al. 2006).

Here we extend our previous structural and dynamic
magic angle spinning solid-state NMR studies of mam-
malian PrP23-144 variants (Aucoin et al. 2019; Helmus
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et al. 2008, 2010, 2011; Jones et al. 2011; Shannon et al.
2019; Theint et al. 2017a, b, 2018) to determine the nearly
complete sequential backbone and sidechain '*C and >N
chemical shift assignments and residue-specific molecu-
lar conformations for amyloids formed by the A117V and
M129V human (hu) PrP23-144 variants. In all GSS A117V
disease cases to date, valine at position 117 has been found
in conjunction with valine at position 129 in either the
129VV or 129MV genotype (Cracco et al. 2019; Piccardo
et al. 2001; Tagliavini et al. 2001). In an earlier study of
the role of N-terminal familial mutations in huPrP23-144
amyloid propagation, Surewicz and co-workers (Jones et al.
2006) found that the lag phase for conversion to amyloid was
somewhat (~ 10-20%) shorter for V129 relative to M129
huPrP23-144 while the A117V mutation alone had a negligi-
ble effect on the kinetics of huPrP23-144 conversion. Addi-
tionally, low resolution FTIR studies revealed that M129
and V129 huPrP23-144 amyloids had secondary structures
similar to the corresponding A117V mutants and that M129
and V129 huPrP23-144 fibrils exhibited distinct conforma-
tional features which were not transmissible by cross-seed-
ing (Jones et al. 2006). The present study enables the impact
of residues 117 and 129 on huPrP23-144 confirmation to be
evaluated with site-specific detail and establishes a founda-
tion for continued high-resolution structural analysis of these
PrP23-144 variants.

Methods and experiments
Protein expression and purification

The plasmid encoding A117V huPrP23-144, contain-
ing an N-terminal His¢-tag and thrombin cleavage site,
was described previously (Theint et al. 2017b). A similar
construct for the expression of M129V huPrP23-144 was
generated by site-directed mutagenesis using the wild-type
(wt) huPrP23-144 plasmid (Vanik et al. 2004), Herculase II
Fusion DNA Polymerase (Agilent), and the following prim-
ers: 5'-CCTTGGCGGCTACGTGCTGGGAAGTGC-3'" and
5-GCACTTCCCAGCACGTAGCCGCCAAGG-3', and con-
firmed by Sanger sequencing (Genewiz).

Proteins were expressed and purified using previ-
ously published protocols (Theint et al. 2017b). E. coli
BL21 (DE3) competent cells were transformed with the
plasmid encoding for the mutation of interest. The trans-
formed cells were grown at 37 °C, 250 rpm in Luria-Ber-
tani medium with 0.1 mg/mL ampicillin to ODg, of ~1.0.
Cells were collected via centrifugation at 3,500 rpm, 4 °C
for 15 min then resuspended in the same volume of M9
minimal medium with 0.1 mg/mL ampicillin, containing
1 g/L >N ammonium chloride and 3 g/L of '3C glucose
as the sole nitrogen and carbon sources, respectively.
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Protein expression was induced by adding isopropyl
B-p-thiogalactoside to a final concentration of 1 mM, and
cells were allowed to resume growth at 37 °C, 250 rpm
for 16 h. Cells were then collected as a pellet via cen-
trifugation at 4900 rpm, 4 °C for 20 min, and resuspended
in~ 100 mL of lysis buffer (6 M GdmCl, 10 mM Tris—HCI,
100 mM potassium phosphate, pH 8.0). Cells were lysed
via sonication followed by 30 min of centrifugation at
20,000 rpm, 4 °C to remove cell debris, and the protein in
the supernatant was purified using nickel—nitrilotriacetic
acid (Ni-NTA) superflow resin (Qiagen) and nickel-ion
affinity chromatography. The N-terminal His¢-tag was
cleaved using biotinylated thrombin (Novagen), followed
by thrombin removal using streptavidin-agarose beads
and by dialysis against ultrapure Milli-Q water to remove
free Hisg-tag. Protein purity was confirmed by SDS/PAGE
and MALDI-MS, and proteins were lyophilized and stored
at—20 °C.

Preparation of amyloid fibrils

Lyophilized A117V and M129V huPrP23-144 proteins were
dissolved in ultrapure Milli-Q water at a concentration of
5 mg/mL (~400 pM). 1.0 M potassium phosphate pH 6.4
buffer was then added to a final concentration of 50 mM,
and the protein solutions were incubated under quiescent
conditions at 25 °C for 48 h with only gentle inversion of the
sample tubes every 12 h to ensure thorough mixing (Theint
et al. 2017a, b). The resulting suspensions were centrifuged
to collect the fibrils, and the fibrils (~ 10-15 mg per sam-
ple) were washed with several aliquots of 50 mM potassium
phosphate pH 6.4 buffer containing 0.02% (v/v) sodium
azide and transferred via centrifugation to 3.2 mm Bruker
zirconia rotors. The samples were stored in a refrigerator at
4 °C when not in use.

Atomic force microscopy

Fibrils used for the solid-state NMR measurements were
routinely characterized by atomic force microscopy (AFM).
Small aliquots of the fibril suspensions above were diluted
1:5 with ultrapure Milli-Q water and deposited onto freshly
cleaved mica substrates (Ted Pella, Inc.), incubated for
2 min, rinsed with two 50 pL aliquots of Milli-Q water to
remove salts and unbound fibrils, and air-dried. Imaging was
performed in tapping mode in air using a Bruker Dimension
Icon AFM and high-sensitivity silicone Bruker RTESPA
MPP-11120-10 probes with a nominal spring constant of
40 N/m and nominal tip radius of 8 nm. The images were
processed with the Bruker NanoScope Analysis software
using interactive plane fitting.
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Solid-state NMR spectroscopy

NMR spectra were recorded on an 800 MHz Bruker spec-
trometer, equipped with a 3.2 mm E™® triple resonance
(‘H-3C-'5N) magic angle spinning (MAS) probe. The
spinning frequency and temperature were actively con-
trolled at 11.111 kHz and 5 °C, respectively. The sequen-
tial 13C and >N resonance assignments were determined
using a set of standard 2D and 3D chemical shift cor-
relation experiments including: 2D N-'*Ca (NCA),
2D BN-1C’' (NCO), 2D PN-BCa-3CX (N(CA)CX),
2D PN-Bc-BCcX (N(C0)CX), 3D PN-Bca-13CX
(NCACX), 3D PN-Bc'-1B3¢cX (NCOCX) and 3D
BCa-PN-BC'-13CX (CAN(CO)CX). NMR spectra were
processed with Bruker TopSpin 3.7 software and NMR-
Pipe (Delaglio et al. 1995) and analyzed using Sparky
(Goddard and Kneller 2006), and data were collected for
several independent fibril preparations to confirm sample
reproducibility.

a 23 56 72 80 97 110
wt
All7V K--GG--G--G--S—--MKHM
M129V K--GG--G--G——-S—--MKHM/

Fig.1 a Amino acid sequences of huPrP23-144 (wt), and huPrP23-
144 A117V (A117V) and huPrP23-144 M129V (M129V) variants
with the mutated residues indicated by asterisks. Largely immobile
amyloid core residues detectable in conventional solid-state NMR
spectra are shown in bold black font and conformationally flex-
ible residues are shown in grey front. b Representative atomic force
microscopy images of A117V and M129V amyloid fibrils used for
the solid-state NMR measurements. The top panels show wide-field
images containing fibril bundles, with close up views of representa-
tive single fibrils shown in the bottom panels. The scale bars in the
upper and lower panels correspond to 1 pm and 100 nm, respec-

Assignments and data deposition

AFM images of A117V and M129V huPrP24-144 fibrils
(Fig. 1b) show that both mutants readily assemble into
micron-length amyloid fibrils with morphologies similar to
wt huPrP23-144 fibrils, in agreement with earlier studies
(Jones et al. 2006; Theint et al. 2017a). Interestingly, the
N-13Ca fingerprint spectra of A117V and M129V fibrils
(Fig. 1c) display significant '*C and >N chemical shift
differences relative to each other and to wt huPrP23-144
fibrils; the differences in backbone *C and N chemical
shifts between the different fibril samples are quantified in
Fig. 2a. Additionally, the A117V and M129V fibrils both
exhibit significantly less variation in resonance intensities
in comparison to the wt fibrils (Fig. 2b). Collectively, these
spectral differences suggest that mutations at positions 117
and 129 have a significant impact on the conformation and
flexibility of the huPrP23-144 amyloid core region with the
two mutants adopting distinct three-dimensional structures
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tively. ¢ Assigned two-dimensional 800 MHz N-!3Co solid-state
NMR spectra of A117V (blue contours) and M129V (red contours)
huPrP23-144 amyloid fibrils recorded at 11.111 kHz MAS frequency.
Note that SN-13Cp correlations for several residues are also observed
as indicated, although with significantly lower intensity relative to
corresponding N-"3Ca cross-peaks, due to partial through-space
magnetization transfer from >N to '*Cp during the band-selective
cross-polarization period. Each spectrum was recorded with acquisi-
tion times of 12 ms (t,, 5N) and 30 ms (ty, 13C) and a total measure-
ment time of about 24 h. Cross-peaks are drawn with the lowest con-
tour at about 15 times the root mean square noise level
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Fig.2 a Residue-specific chemical shift differences between A117V, »

MI129V and wt huPrP23-144 fibrils, plotted for residues observed
in both the wt and mutant fibrils (and excluding the mutated resi-
dues). The chemical shifts differences are shown as solid circles,
open circles, solid squares and open squares for Ca, Cf, C’, and
N, respectively. The average absolute chemical shift differences
between wt and A117V, between wt and M129V, and between the
two mutants are respectively: 2.04+2.05 ppm, 1.85+1.16 ppm,
and 1.83+2.56 ppm for Co; 3.51+2.32 ppm, 3.31+2.29 ppm
and 1.28+1.16 ppm for CB; 1.25+1.16 ppm, 1.45+1.34 ppm
and 0.89+0.86 ppm for C'; 4.78 +2.57 ppm, 4.54+3.06 ppm and
1.71+1.37 ppm for N. b Normalized relative intensities for indi-
vidual resonances in ’N-'3C solid-state NMR spectra of wt (grey),
A117V (blue) and M129V (in red) huPrP23-144 amyloid fibrils plot-
ted as a function of residue number

(see below for additional discussion). The latter observa-
tion is also broadly consistent with distinct FTIR amide I
region spectra previously reported for A117V and M129V
huPrP23-144 fibrils (Jones et al. 2006).

Given that the fingerprint spectra for A117V and M129V
fibrils exhibit minimal overlap among the cross-peaks, the
sequential resonance assignments of the rigid core residues
for both amyloids could be largely established by using 2D
N(CA)CX and N(CO)CX spectra (Fig. 3a, b). Specifically,
backbone and side-chain signals were observed for only
19 and 20 residues (out of ~ 122 total) for hu M129V and
hu A117V fibrils, respectively, suggesting that, in analogy
to wt huPrP23-144 fibrils, the rigid amyloid core regions
for these mutants are quite compact (Helmus et al. 2008).
The rigid core regions for A117V and M129V fibrils were
found to span residues 120-139 and 121-139, respec-
tively, with ~ 100-residue N-terminal domains and ~ five
C-terminal residues not detectable for either amyloid due to
increased conformational flexibility (Helmus et al. 2010).
Remarkably, both mutations effectively shorten the size
of the amyloid core region observed for wt huPrP23-144
fibrils by ~9-10 residues (~30-40%) and do not appear to
contain segments within their cores that exhibit significant
conformational flexibility (e.g., such as the G127-L130
stretch in wt huPrP23-144 amyloid). The initial assign-
ments were confirmed and further extended by using a set
of 3D "N-13C-!3C correlation spectra, resulting in nearly
complete (96% for A117V and 95% for M129V) '*C and
5N backbone and side-chain assignments for residues
that are detectable in conventional experiments based on
dipolar coupling-driven magnetization transfers as dis-
cussed above—Fig. 3¢ shows representative strips from 3D
NCACX, NCOCX, and CAN(CO)CX datasets, illustrating
sequential backbone connectivity for residues G127-S132 in
A117V huPrP23-144 fibrils.

The secondary structures for the A117V and M129V
huPrP23-144 fibrils were predicted from the experimental
13C and >N chemical shifts to evaluate the similarities
and differences in backbone conformation between the two

@ Springer

e0;,, 00, md. 0O9Y,
10
€ o o
s 545
o o o De
|O§ '.Q.. [ ] .la O. OD
T 0 . o U .U sy
g | p® = ot @
-5 O O ©
o O
O
10 4 ® g
T T T T T
120 125 130 135 140
10
O
£ Opd
g 5- ng ©
2 °
s mgoge, § e 8
X A o 0
|9 o- | = [ ) 9... "D
> o 5o vo
(]
S [ J
=54 =]
10 o =
O
10 -
T T D T T T
120 125 130 135 140
10
S
% [ J
5
== )
% o)
3 0o o Ny g
=
G omaBR0 Fel : Oaﬁugﬁ.
1
> u .DD @)
~
-5 O
<
.‘]OA
L S B R B R B L B |
120 125 130 135 140
Residue Number
1.0+
[72]
Q2
.:%‘
c
[0
S
X
3
£ 054
(0]
=
©
Ko)
n: ‘ ‘ |
0.0 ,
115 120 125 130 135 140

Residue number



13 15 A . B . . .
Cand "N chemical shift assignments of A117V and M129V human Y145Stop prion protein amyloid... 49
5(°C) G127 Y128 M129 L130 G131 $132
a U ATTTV] [szppm]mmmmﬁﬁmmm;ﬂmmmﬁﬁmﬁm
1004 N(CA)CX G127N-G126Ca@ ©G127a
N(CO)CX
SW3ZN7G131CGG“24N G123 0
= o @ G131N-L130Ca - a 1 a
£ 1104 $1328  G123N-v122Ca S132a ° 6131@PQG1240 45 @ >
= @ M129N-Y128Ca 1260 @ G123a 129
= 5 S -G127 M129| v
g 2 S135B\ 191 M129@ & Ssiasnmizac® V12ZRC127C giannmaacs 3o © . e e e
15 1204 RWSBNVSWSSC;;/ ‘111%3,5132‘85,3?35 BST350 10 a133ca Y1288 °© M134N-A133CB
® ® Y a'“’“"ﬁmasu © OMI134B . @134y R1368 P o
Athan-s1320p [138N-P137¢a R13GN-S135Ca, Lsopag, V8 Ursoye s . S35 Vizty
-1138a | B A120a oVi22p VR 1 d5y1 AT208 ° o 504 S
V122N-V121Cg," T\ L130N-M129Ca - ) 11388 o . £ 13gy2 113851|
130 e ARATCl L125a L125N-G124Ca 1398 13oy1 VIZ1 Vi22y2 3
o
& ) 3 % F) w QQ|®
9
b [hu M129V] & 55
@ G127a = -
100 N(CA)CX B 0/l6|ls
00(e
T 0/(0|=
S 11081328 S132a © G124
= ° © @G123a 604
g ©Y128a M1t Poisig Yi28p0 NGB Mg
& 0] SO cevizea 81350~ G126a Vi vi2ey1 y120y2
©Vi2ia _ Ri36a ° o RI136B . e °
o138 © o V1218 < : V121y1V121y2 © x x x x x x
© A133a 1138p o 138yl @ @0 ' 1138y2 8] o 8] [$) [} o
N v e ke s 8lls|lsl18[s1518 15151815 518 s s 18 153
\ a . .
130+ Vizza V1221 651zl |z|ol1zllz]lellz]lz]|alizllg|la]|z]|z]lollz]lk]|l@
<llcllel1z]lelle]l<lielleli<|S|e||<]|g]|e|<]|S||e
c R EA BB B B S B B S B B S B B B |
T T T T T 59 558 174 T4 774 TEI 163 163 7248 748 1248 1068 1098 1098 1083 1083 1083 1219
60 50 40 30 20 (‘5N F., ppm]
5(%C) [ppm] P

Fig.3 Assigned two-dimensional 800 MHz 2D N(CA)CX and
2D N(CO)CX solid-state NMR spectra of a A117V and b M129V
huPrP23-144 amyloid fibrils. The side-chain assignments for valines
are not stereospecific. ¢ Representative strips from 800 MHz 3D

mutants and wt huPrP23-144 amyloid. For both mutants,
the TALOS-N program (Shen and Bax 2013) was used
to obtain the residue-specific ¢ and y backbone dihedral
angles and f-sheet probabilities for the amyloid core resi-
dues (Fig. 4), with residues having p-sheet probabilities
of 50% or more classified as comprising the B-strands. In
addition, a few residues with pB-sheet probabilities below
50% were also classified as comprising the B-strands pro-
vided that: (1) all of their ¢ and y predictions fell into the
f-strand region of the Ramachandran space and/or (2) they
were flanked by residues with B-sheet probabilities of 50%
or higher. The secondary structure prediction, summarized
in Fig. 4a, suggests that A117V and M129V huPrP23-144
fibrils contain two B-strands separated by a non-f§ seg-
ment—for both amyloids the first f-strand spans residues

CAN(CO)CX, NCACX, and NCOCX spectra for Al117V fibrils
showing sequential connectivity for residues G127-S132. Strips are
labeled by residue number according to the '°N frequency (F,), with
the 13C frequencies (F,) indicated at the top of each strip

121-125 while the second B-strand consists of residues
128-135 for A117V and 130-139 for M129V fibrils. Inter-
estingly, for M129V amyloid the two fB-strands coincide
largely with the two C-terminal B-strands in wt huPrP23-
144 fibrils although, as noted above, the non-f segment
containing residues ~ 127-130 in M129V fibrils does not
appear to exhibit major conformational flexibility as in
wt huPrP23-144 amyloid. Altogether, the results of our
studies indicate that the precise identities of residues 117
and 129 significantly influence the conformation and flex-
ibility of huPrP23-144 amyloid and provide a foundation
for high-resolution structural analysis of these PrP23-144
variants and, more broadly, the evaluation of potential
structural roles played by these residues in the context of
PrP misfolding diseases.
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Fig.4 a Summary of the secondary structure analysis for wt, A117V
and M129V huPrP23-144 amyloid fibrils based on the assigned '*C
and "N chemical shifts (see text for details). b (Left) The B-sheet
probability and (right) backbone ¢ (filled circles) and y (open cir-
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