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Elucidating the fine structure of amyloid fibrils as well as
understanding their processes of nucleation and growth remains a
crucial challenge, linked to our current poor insight into protein
misfolding and aggregation diseases such as Alzheimer’s and
Parkinson’s. Since the details of fibril architecture are only just
beginning to be understood,1 obtaining atomic-scale structural
information on amyloid fibrils is an essential priority to understand
their supramolecular structure and shed light on the processes of
fibrillation.

�-2-Microglobulin (�2m, the light chain of the Class I Major
Histocompatibility Complex) is a 99-residue protein responsible
for dialysis-related amyloidosis2 and is recognized as a molecular
archetype for the study of folding and amyloid transition processes.3

Various experimental conditions (most commonly low pH) lead in
Vitro to �2m conversion from the native structure into amyloid
fibrils,4,5 which have been shown to be to various extents related
to their in ViVo pathological counterparts.6

Several packing models have been proposed for fibril assembly
based on biochemical, biophysical, and mutagenesis studies.4,7,8

For instance cryo-EM analyses of the fibrils suggested that highly
unstructured monomeric �2m at pH 2.5 refolds into a globular but
non-native structure upon fibrillation, packing into a hierarchical
architecture with asymmetrically associated protofilaments.7

Solid-state NMR (ssNMR) can in general complement mutagen-
esis or biophysical studies with structural data at the atomic scale,9

particularly to describe protein fold and packing in fibrillar
species.10 For �2m fibrils, ssNMR experiments have characterized
protofilament-like fibrils formed by the K3 peptide fragment
(residues 20-41) of the protein,11 resulting in a proposed confor-
mation for the peptide and a 3D structure for the fibrils. As there
may be fundamental differences in the aggregation potential of
isolated peptides compared with their parent protein, a study of
full-length �2m fibrils is now of the highest priority.

Here, we report a ssNMR approach that probes the structural
features of �2m by comparing spectra of the crystallized protein
(representative of the native fold) with those of amyloid fibrils
obtained in Vitro. To test whether amyloids commonly studied at
low pH retain their overall structure under more physiological
conditions, fibrils grown at pH 2.5 and 7.4 are investigated.

Figure 1 shows regions from a series of 2D 13C-13C and 15N-13C
correlation experiments recorded on a hydrated crystalline precipi-
tate of native [U-13C, 15N]�2m. A DARR recoupling scheme with
short mixing times (20 or 30 ms) was used to obtain spectra

dominated by intraresidue transfers. The 13C-13C spectra display
good resolution and sensitivity, in which most of the residues are
visible. The availability of the corresponding �2m assignments in
solution12 provided the basis for a partial assignment of CR, C�,
and N shifts, especially in the well-dispersed regions (e.g., Thr,
Ala). Notably, all but one of the Pro residues show a 4-6 ppm
chemical shift difference between the �- and γ-C resonances (Figure
1b), which is characteristic of a trans Pro conformation.13 This
difference is larger (10.5 ppm) for one proline system, thus
corresponding to the only native cis Pro (Pro32).

Figure 2a shows a comparison between 2D 13C-13C correlation
spectra recorded on crystalline �2m precipitate (red) and �2m fibrils
(blue) grown at pH 2.5. The presence of signals for many residues
with good signal-to-noise in spectra with dipolar transfer schemes
indicates that a large fraction of the �2m chain is structured and
does not possess large-scale/large-amplitude reorientational dynam-
ics. This is further supported by the absence of signal in the INEPT
spectrum shown in Figure 4 in the Supporting Information. On the
other hand, the lower spectral resolution compared to the crystalline
protein implies differential subunit packing within the fibrils, slow
dynamicsof themolecules,ordispersionduetosample inhomogeneity.
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Figure 1. (a) Aliphatic region of a DARR spectrum recorded on crystalline
�2m on a 700 MHz spectrometer (20 ms mixing time) highlighting Ala,
Ile, Pro, and Val spin systems. (b) Expansions of the 2D DARR (red), NCA
(sky blue), and NCACX spectra (blue), showing the proline spin systems
(purple, trans-Pro; black, cis-Pro).
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Some distinct changes reflecting structural or dynamics modifica-
tions can be observed between the crystal and fibril spectra (Figure
2b). Ala15 is shifted, and signals from Thr appear either absent or
shifted in the fibrils. Interestingly, they are all in the loop regions of
the native tertiary structure (Figure 2c). Also, the native Ser residues
of loops (near-diagonal signals) do not give rise to signals in the fibrils.
Conversely, the signals from Ala79 and from Ser residues located in
the �-strands of the native fold look conserved in the crystal and fibril
spectra. In agreement with previous hypotheses,14 this suggests that,
in the transition to the fibrils, structural modifications mainly occur
within the �2m loop regions (Figure 2c) and that most residues appear
to participate in a protected �-sheet built from �-strands present in the
native structure. This means that �2m fibrils do not match typical fibril
architectures, which involve a rigid core and floppy subdomains.10

Additionally, when considering the Pro resonances, no pattern distinc-
tive of a cis-Pro (Figure 2b) is observed in the fibrils, implying a trans
conformation for all Pro residues. This is remarkable since a Pro32
trans-cis isomerization is known to be the slow step in �2m folding15

while the corresponding cis-trans isomerization is a key event in
turning native �2m into an aggregation-prone intermediate species.16

Finally, to resolve the issue of the structural similarity between
fibrils grown at either acidic or neutral pH,6 we performed
correlation spectra on both fibril species. The excellent superposition
of such spectra (Figure 2d) indicates a very similar fine structure
of the in Vitro fibrils, suggesting conservation of the amyloid
assembly architecture at nonphysiological pH 2.5 as compared to
7.4. This evidence reinforces previous low-resolution FTIR data6

and stresses the significance of the acidic pH studies relative to
�2m pathological aggregation at physiological pH.

In summary, the present study is an important step toward the
characterization of the structure of �2m fibrils. Comparison between
microcrystalline and fibrillar samples showed that the secondary
structure elements appear maintained in the fibrils and suggests that
Pro32 cis-trans isomerization accompanies fibril formation. The
data reported here yield a molecular fingerprint of �2m in its
pathological conformation, providing a valuable starting point for
further studies of great medical relevance on the binding of natural
as well as artificial ligands (e.g., collagene, glycosaminoglycans,
and SAP)17 to �2m fibrils.
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Figure 2. (a-b) Overlay of the aliphatic regions of the DARR spectra recorded on native crystalline �2m (red, 10 kHz MAS on a 700 MHz, mixing time
of 20 ms in (a) and 30 ms in (b)) and pH 2.5 �2m fibrils (blue, 30 ms mixing time, 10 kHz MAS on a 900 MHz). (c) Representation of full-length �2m
crystal structure (pdb code: 2YXF). Residues referred to in the text are featured (blue, Ala; green, Ser; magenta, Thr; and red, Pro32). The K3 fragment is
shown in cyan. (d) Overlay of the aliphatic region of the 13C-13C correlation spectra (DARR mixing of 30 ms) recorded on �2m fibrils grown under acidic
(pH 2.5, blue, at 10 kHz MAS on a 900 MHz) or neutral (pH 7.4, purple, at 11 kHz MAS on a 1 GHz) conditions. (Further plots of the correlation spectra
are provided in the Supporting Information.)
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