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ABSTRACT: Application of paramagnetic solid-state
NMR to amyloids is demonstrated, using Y 145Stop hu-
man prion protein modified with nitroxide spin-label or
EDTA-Cu®" tags as a model. By using sample prepara-
tion protocols based on seeding with pre-formed fibrils
we show that paramagnetic protein analogs can be in-
duced into adopting the wild-type amyloid structure.
Measurements of residue-specific intramolecular and
intermolecular paramagnetic relaxation enhancements
enable determination of protein fold within the fibril
core and protofilament assembly. These methods are
expected to be widely applicable to other amyloids and
protein assemblies.

Paramagnetism-based solid-state nuclear magnetic
resonance (SSNMR) techniques yield site-specific elec-
tron-nucleus distances in the ~10-20 A regime for biom-
acromolecules through measurements of nuclear Pseu—
docontact shifts and spin relaxation enhancements. > To
date, the utility of paramagnetic SSNMR in the context
of three-dimensional protein structure determination,
both de novo and in conjunction with conventional in-
ternuclear distance measurements, has been demonstrat-
ed for globular microcrystalline proteins including met-
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alloproteins” ™ and diamagnetic proteins tagged with par-
amagnetic side-chains.”"” Additionally, these methods
have been successfully employed to probe structure and
intermolecular interactions involving membrane pro-

. 1416 - . .
teins, interactions between small molecules and li-

17 o .
pids, " metal binding to membrane proteins and amy-
loids'*?® and solvent-accessible surfaces in protein as-
semblies.*'**

One of the foremost challenges associated with struc-
tural studies of proteins by SSNMR methods based on
paramagnetic tagging is that covalent linking of these
moieties may significantly alter the native protein fold.
To minimize the likelihood of such tag-induced structur-
al perturbations, it is typical to target peripheral, solvent-
exposed amino acids (aa), followed by comparison of

NMR spectra for the wild-type (wt) protein and a dia-
magnetic analog of the paramagnetic mutant to confirm
the absence of conformational changes.zs'27 However,
for supramolecular assemblies such as amyloids—which
are capable of adopting distinct structures in response to
conservative mutations and/or other experimental fac-
tors,”*>® and for which the locations of many residues
within the structure and extent of their solvent accessi-
bility may not be evident a priori—the placement of
paramagnetic tags within the amyloid core in a manner
that does not impact the native conformation presents a
particularly acute challenge.

While for amyloids of unknown structure the selection
of residues for paramagnetic tagging and subsequent
SSNMR analysis inherently contains an element of
guesswork, in many cases it may be possible to induce
the tagged-proteins into adopting the native structure by
using sample preparation protocols based on seeding
with pre-formed fibrils of the wt protein31 (even if these
tagged-proteins are unable to assume the correct fold in
the absence of seeding). Here, we demonstrate this con-
cept for Y145Stop human prion protein (huPrP23-144)
fibrils, followed by measurements of site-specific intra-
molecular and intermolecular paramagnetic relaxation
enhancements (PREs) that yield valuable structural data.
PrP23-144, which is associated with a heritable human
prionopathy,* provides a useful in vifro model for study-
ing the molecular basis of amyloid strains and cross-
seeding barriers.”>* Our earlier studies of PrP23-144
amyloids*******° by SSNMR and other techniques, have
shown that the structured core of huPrP23-144 fibrils
consists of two protofilaments, with each protofilament
containing a parallel-in-register -sheet region spanning
~30 C-terminal residues (aa ~112-141) and the remain-
der of the protein effectively dynamically disordered.

To gain insight into the huPrP23-144 fold within pro-
tofilaments and the protofilament arrangement, we pur-
sued measurements of long-range PRE-based structural
restraints in fibrils modified with nitroxide spin-labels at



multiple locations.”” Given the limited data about
huPrP23-144 fibril structure available at the outset of
these studies, we somewhat arbitrarily selected a set of
five amyloid core residues to be substituted for cysteines
by using site-directed mutagenesis and further modified
with the thiol-specific spin-label reagent (1-oxyl-2,2,5,5-
tetramethyl-A3-pyrroline-3-methyl)-
methanethiosulfonate (side-chain R1)*' as described in
the Supporting Information (SI); for each spin-labeled
protein, a diamagnetic reference sample was prepared by
using an analogous methanethiosulfonate reagent con-
taining a 1-acetyl group in place of 1-oxyl (side-chain
R1').* The mutation sites (SI Figure S1) included three
residues located near the edges of the amyloid core (aa
112, 113 and 141) and two additional residues in the
core interior (aa 122 and 128).

Fibrils for SSNMR analysis of the protein fold within
protofilaments were generated from physical mixtures of
R1-tagged BC,'>N-huPrP23-144 and natural abundance
wt huPrP23-144 at ~30% dilution (see SI text), in order
to minimize the influence of intermolecular electron-
nucleus interactions.”* We first investigated the possi-
bility of growing fibrils, for several diamagnetic R1'
mutants as test cases, using the usual protocol based on
autocatalytic conformational conversion of huPrP23-144
under quiescent conditions at 25 °C.** While all mutants
tested formed fibrils, none adopted the wt huPrP23-144
amyloid structure under these conditions. In Figure 1 we
show a representative fingerprint 2D PN-"Co SSNMR
spectrum (see SI text) for 113R1' amyloid, which dis-
plays major differences relative to the corresponding
spectrum for wt huPrP23-144 fibrils with respect to both
the number of observable resonances and their °C and
PN frequencies indicative of significant structural
changes. Similar results were obtained for the other mu-
tants including 122R1', 128R1' and 141R1' (SI Figure
S1).

To investigate whether the observed spectral changes
stem from changes in the aggregation mechanism due to
covalent attachment of the R1/R1' tags within the amy-
loid core, we generated a control fibril sample under
identical conditions using the 26R1' mutant, where the
R1' side-chain is located near the dynamically disor-
dered N-terminus®’ and far removed from the core. The
spectrum of 26R1" fibrils (SI Figure S2) confirms that
they adopt the wt huPrP23-144 structure. Remarkably,
the fingerprint spectra of all the core R1' mutant fibrils
generated using the autocatalytic method bear consider-
able similarity to one another and to huPrP23-144
A117V amyloid investigated in our earlier study.”
While the high-resolution structure of the latter has not
yet been determined, our initial data indicate that these
fibrils differ significantly from huPrP23-144 amyloid
and contain a 3-sheet core that spans only ~15 residues
(aa 122-137). Taken together with the present findings it
appears that the amyloid core structure adopted by
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Figure 1. Two-dimensional *N-">Ca. SSNMR spectra of 113R1'
amyloid fibrils generated using the autocatalytic (green contours)

and seeded growth (red contours) protocols, overlaid with the
spectrum of native huPrP23-144 fibrils (single blue contour).

huPrP23-144 A117V represents a particularly stable fold
for a number of PrP23-144 variants.

Given the ability of PrP23-144 and other amyloids to
readily undergo cross-seeding reactions,”' % we next
investigated the possibility of inducing huPrP23-144
R1/R1" mutants into adopting native-like structures in
the fibrils by using a growth protocol where amyloid
formation is accelerated by adding pre-formed wt
huPrP23-144 fibril seeds (see SI text). We found that for
three of the five mutants studied, including 113R1',
128R1" and 141R1', the use of this seeded growth (SG)
protocol resulted in successful templating of the mutant
protein by the native structure as evidenced by the simi-
larity of wt and mutant chemical shifts in the 2D N-
BCa spectra (Figure 1 and SI Figure S1). For 112R1'
and 122R1' the seeding did not produce the desired ef-
fect, yielding amyloids with fingerprint spectra that were
effectively identical to one another and to those for un-
seeded 122R1' fibrils (SI Figure S1). Interestingly, for
141R1' the SG method yielded samples containing a
mixture of two fibril polymorphs, one with native struc-
ture and one corresponding to unseeded amyloid. In the
context of this study, the concurrent presence of these
polymorphs did not interfere with data analysis since
they display largely distinct sets of chemical shifts in the
2D “N-"Ca spectra. In general, it is feasible that the
population of undesirable structural polymorphs corre-
sponding to the unseeded amyloid fold could be mini-
mized by further optimization of the sample preparation
conditions (e.g., increasing the seed concentration), but
such fine tuning of the fibril growth was not pursued
here. Note also that the ability of 113, 128 and
141R1/R1' mutants to adopt the native structure in seed-
ed reactions carried out in presence of natural abundance
wt huPrP23-144 in itself strongly suggests that the
C,"*N-enriched paramagnetic proteins are randomly
incorporated into the fibril lattice and diluted in a matrix
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Figure 2. (A) Two-dimensional "N-"Co. SSNMR spectra of
113R1 (red) and 113R1' (blue) fibrils. (B) "N-"Ca cross-peak
intensities reporting on intramolecular PREs as a function of resi-
due number. To account for possible variation in the amount of
13C,"*N-protein in paramagnetic and diamagnetic samples, relative
intensities were calculated as: I = (Lyuo/luia)/(Ipara/lia)max, Where

Lo, and Iy, are the peak intensities in R1 and R1' spectra and

Lparalldia)max 1s the maximum (1,q,q/14,) value for the R1/R1' pair.
For cross-peaks where no measurement was possible due to spec-
tral overlap the relative intensity was set to zero. (C—F) Same as
panels A B but for 128R1/R1"' and 141R1/R1".

of diamagnetic protein on the molecular level. This was
confirmed directly for one of the mutants (128R1) by
recording electron paramagnetic resonance spectra for a
series of fibril samples generated from physical mixtures
of 128R1 and wt huPrP23-144 containing increasing
amounts of the spin-labeled protein (SI Figure S3). Ad-
ditionally, fibrillization kinetics for R1' mutants were
investigated under SG conditions (SI Figure S4), but
revealed no correlations with their ability to adopt wt
huPrP23-144 amyloid structure.

In Figure 2 we show 2D BN-BCa spectra for the
113R1, 128R1 and 141R1 amyloids and their R1' coun-
terparts, as well as plots of relative cross-peak intensities
in paramagnetic and diamagnetic fibril samples. These
data clearly show site-specific intramolecular transverse
PRE effects reporting on the protein fold in the amyloid
core as evidenced by the considerable attenuation of
multiple cross-peak intensities, in analozgy to earlier
studies of spin-labeled globular proteins. > For 113R1
fibrils, residues ~113-117 and ~124-127 are most strong-
ly attenuated, while somewhat less attenuation is ob-

served on average for residues ~118-123 and significant-
ly less for residues ~131-141. This indicates the pres-
ence of a turn-like motif, where the R1 side-chain at
position 113 is located in close spatial proximity to aa
~124-127. For 128R1 fibrils, the absence of significant
backbone PREs suggests that the R1 side-chain located
in the relatively flexible loop region of the core points
outward from the protofilament rather than being buried
within it. Finally, for the 141R1 fibrils aa ~113-114 are
significantly attenuated relative to the hydrophobic core
residues ~118-122, suggesting that the N- and C-
terminal edges of the amyloid core are located in the
vicinity of one another and that the R1 side-chain in po-
sition 141 points toward the core interior.

In addition to probing the huPrP23-144 fold in the fi-
bril core, we carried out analogous measurements of
intermolecular PREs to characterize the protofilament
assembly. Such measurements pose a considerable chal-
lenge for conventional SSNMR approaches, and, indeed,
in none of our earlier studies of huPrP23-144 amyloid30
have we been able to detect any unambiguous correla-
tions reporting on through-space dipolar couplings be-
tween nuclei located in different protofilaments. Amy-
loid samples for the analysis of these intermolecular
contacts were generated from physical mixtures of wt
C,"®N-huPrP23-144 and natural abundance R1-tagged
huPrP23-144 at ~30% dilution (see SI text). In Figure 3,
we show data for fibrils containing the R1 side-chain in
position 128. While the observed attenuation of cross-
peak intensities for residues ~125-127 could potentially
be due to intermolecular contacts involving adjacent
protein molecules within the parallel-in-register 3-sheet
protoﬁlament,38 the considerable attenuation of signals
for aa ~113-115 must result from molecular level con-
tacts between the two protofilaments given the large
separation between these residues and the spin-label site
within individual protofilaments. To further validate the-
se interfilament contacts we carried out analogous ex-
periments using fibrils containing EDTA-Cu®" tags at
residue 128 (SI Figures S5 and S6), and found that resi-
dues ~113-115 which display large transverse PREs in
the spin-labeled fibrils also show the largest longitudinal
>N PREs with the EDTA-Cu®" tags.

To assess the utility of PRE-based restraints for de-
termining the fold of huPrP23-144 and protofilament
arrangement within the fibril core we carried out a set of
structure calculations based on these data in Xplor-
NIH* (see SI text). Figure 3C shows the resulting en-
semble of ten low-energy backbone structures for
huPrP23-144 residues 109-144 corresponding to one
layer of the two protofilament assembly, with SI Figure
S7 showing the same ensemble of structures aligned
within each protofilament. While this structural ensem-
ble is relatively low resolution, which is to be expected
given the sparseness and semi-quantitative nature of the
nitroxide spin-label-based PRE restraints in this study, it
is clearly able to delineate the overall huPrP23-144 fibril
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Figure 3. (A) Two-dimensional "N-Co SSNMR spectra of
BC,"N-huPrP23-144 fibrils containing ~30% natural abundance
128R1 (red) and reference *C,"’N-huPrP23-144 fibrils (blue). (B)
BN-Ca, cross-peak intensities reporting on intermolecular PREs
(see Figure 2 caption). (C) Ensemble of ten low-energy backbone
structures for huPrP23-144 residues 109-144 corresponding to one
layer of the two protofilament assembly (see SI text and Figure
S7). Paramagnetic-tagged residues are indicated by red spheres.

conformation. Most importantly, the PRE-derived struc-
tural model in Figure 3C is consistent with and expands
on our earlier preliminary studies of huPrP23-144 amy-
loid by SSNMR and electron microscopy30 and provides
a firm foundation for high-resolution structure determi-
nation.

In summary, we have demonstrated measurements of
intramolecular and intermolecular PREs in huPrP23-144
fibrils containing spin-label or EDTA-Cu®" tags. These
measurements provide valuable information about amy-

loid structure, including data inaccessible by conven-
tional SSNMR, and, remarkably, enable the determina-
tion of the protein fold in the huPrP23-144 amyloid core
and protofilament assembly. This methodology is ex-
pected to be broadly applicable to other amyloid-
forming proteins and can be further extended to other
types of paramagnetic tagsn’45 and by incorg)orating rap-
id sample spinning and proton detection 34 for im-
proved sensitivity.
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