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Abstract

B2o-Microglobulin (Bom) is the major structural component of amyloid fibrils deposited in a
condition known as dialysis-related amyloidosis. Despite numerous studies that have elucidated
important aspects of the fibril formation process in vitro, and a magic angle spinning (MAS) NMR
study of the fibrils formed by a small peptide fragment, structural details of om fibrils formed by
the full-length 99-residue protein are largely unknown. Here, we present a site-specific MAS
NMR analysis of fibrils formed by the full-length Bom protein, and compare spectra of fibrils
prepared under two different conditions. Specifically, long straight (LS) fibrils are formed at pH
2.5, while a very different morphology denoted as worm-like (WL) fibrils is observed in
preparations at pH 3.6. High-resolution MAS NMR spectra have allowed us to obtain 13C and 15N
resonance assignments for 64 residues of Bom in LS fibrils, including part of the highly mobile N-
terminus. Approximately 25 residues did not yield observable signals. Chemical shift analysis of
the sequentially assigned residues indicates that these fibrils contain an extensive B-sheet core
organized in a non-native manner, with a trans-P32 conformation. In contrast, WL fibrils exhibit
more extensive dynamics and appear to have a smaller B-sheet core than LS fibrils, although both
cores seem to share some common elements. Our results suggest that the distinct macroscopic
morphological features observed for the two types of fibrils result from variations in structure and
dynamics at the molecular level.

Introduction

More than twenty-five different proteins are known to form amyloid fibrils that are observed
to accumulate in a range of human and animal diseases.! Additionally, proteins and peptides
that are not involved in disease states can be induced to form amyloid-like fibrils in vitro,
indicating that formation of these ordered aggregates is potentially a generic attribute of all
protein sequences.? These fibrils share common morphological features in that they are long,
straight and unbranched, and are formed from multiple protofilaments arranged with a
twisted organisation.3 Higher resolution analyses reveal that the fibrils consist of a cross-
architecture, which involves the formation of j-strands oriented perpendicular to the fibril
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long axis and imparts the characteristic tinctorial properties of all amyloid fibrils,
specifically that they bind small fluorescent molecules such as thioflavin-T and Congo Red.
4-6 X-ray crystallography has provided insight into the cross-p structural arrangement of
crystals formed by short amyloidogenic peptides where the sidechains pack in a tight, self-
complementing manner referred to as a “steric zipper”.” Magic angle spinning (MAS) NMR
studies on these and other systems have shown, however, that amyloid structures can be
much more complex® and that other structural arrangements such as the p-solenoid are also
possible.? Indeed, structural models primarily based on MAS NMR data have emerged for a
number of different systems including AB(1-40),10 a 22-residue segment of p,-
microglobulin,1t amylin,12 a-synuclein,13:14 HET-s(218-289),° etc., and have provided
valuable information regarding the common principles and interactions that govern fibril
architecture. Our understanding of the structural molecular process of amyloid formation is,
however, far from complete and improved knowledge in this area will not only enable
design of therapeutic strategies against protein aggregation diseases,® but it will also allow
for the useful biotechnological properties of protein aggregation to be harnessed.16

The protein Bo-microglobulin (Bom), is the major structural component of amyloid fibrils
associated with dialysis-related amyloidosis.1’” The protein is 99 residues in length (with an
additional N-terminal Met0 in the recombinant protein), that folds natively into a 8-
sandwich conformation, where a disulphide bond between C25 and C80 covalently links the
sheets.18 A number of studies have described the formation of amyloid-like fibrils from full-
length Bom in vitro under a range of conditions, including the addition of co-solvents and
metal ions.19 Canonical long-straight (LS) amyloid-like fibrils (~1 um long) have been
observed to form in vitro from oxidized pom under aqueous conditions at both pH 7,19:20
where the native globular state is initially populated, and under acidic conditions (pH < 3),
where the B,m polypeptide initially adopts a highly dynamic acid-unfolded state.21=23 The
presence of an intact disulphide bond is a necessity for formation of these fibrils that, in
common with amyloid formed from many different proteins, grow with lag-dependent
Kinetics, consistent with a nucleated assembly mechanism. However, if the same oxidized
Bom is incubated under low pH conditions in the presence of increased ionic strength (= 100
mM) shorter (~150-600 nm) curvilinear fibrils, which have previously been described as
worm-like (WL), form via a kinetic pathway that lacks a lag phase.1® Previous studies
indicate that the LS and WL fibrils are morphologically distinct, for example they have
different persistence lengths, different responses to ThT and Congo Red and give rise to
fibril diffraction patterns consistent with highly ordered and less well ordered fibrillar
samples, respectively.19:24 Furthermore, LS fibrils have been shown by hydrogen exchange
(HX) and limited proteolysis studies to have a more extensively and highly protected core
than that of WL fibrils.25:26 Recent analyses of the p,m fibrils have provided some
structural information, for instance, cryoEM studies of the LS Bom fibrils have indicated
formation of a complex structure based on the stacking of globular units organized as six
protofilaments arranged in two crescent-like filaments.2” Data from FTIR and EPR
measurements of the LS fibrils have suggested that the cross- structure of the polypeptide
chain within these fibrils shows a parallel and in-register arrangement.28—30 |nterestingly,
EPR data indicate that p,m WL fibrils do not adopt such a highly organized structure.30

Here, we describe the initial MAS NMR analysis of LS and WL amyloid-like fibrils
prepared in vitro from the full-length sequence of Bom and discuss preliminary chemical
shift assignments of the fom sequence in LS fibrils formed at low pH. Our data shed light on
the regions of the protein sequence involved in the rigid core of the fibrils and the secondary
structure present in these segments when arranged in the fibrillar state. In addition, we
compare the spectra of LS fibrils with those obtained from WL fibrils, to determine whether
the gross morphological differences can be explained by atomic level structural differences.
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In order to assign sequentially the resonances in the long straight (LS) Bom fibrils formed at
pH 2.5 and low ionic strength (see Methods and Figure S1) we relied on a set of 13C-13C
and 15N-13C correlation spectra recorded with three differently labeled samples:

uniformly 13C, 15N labeled B,m fibrils (U-B,m), and two samples prepared by growing
bacteria in media containing [2-13C]-glycerol (2-B,m) or [1,3-13C]-glycerol (1,3-B,m) as
the 13C source.31733 Figure 1 shows a typical 13C-13C correlation spectrum of U-B,m
recorded with radio frequency-driven recoupling34—36 (RFDR) employing a mixing period
Tmix = 1.76 ms. The resolution of this spectrum (natural line width ~ 0.5 ppm) is comparable
to that observed in other amyloid fibril samples previously investigated by MAS NMR,
including fibrils formed by TTR(105-115),3” HET-5(218-289), and P13-SH3.38 In this
spectrum, primarily one-bond correlations are observed, potentially allowing the
identification of different spin systems. For example, three lle residues, one Ala, five Thr,
and six Ser residues can be easily identified due to their characteristic chemical shifts.

Partial sequential assignments of the identified residues were obtained from NCACX and
NCOCX correlations recorded with the U-fom fibril sample (Figure S2). These spectra
display significant resonance overlap that limits the number of attainable unambiguous
assignments. In order to improve the resolution of the spectra, we utilized the alternating and
complementary labeling pattern exhibited by the 1,3-B,m and 2-om fibril samples. These
samples contain very few directly bonded 13C atoms, thus eliminating the CO-Ca and the
Ca-Cp J-couplings as a source of line broadening and decreasing the 13C line widths to ~ 0.3
ppm. In addition, the absence of many one-bond 13C-13C couplings attenuates dipolar
truncation effects.3?

The reduced number of labeled spins in these samples further improves the resolution and
simplifies the analysis of spectra like the 1°N-13C correlations presented in Figure 2. These
spectra were recorded using heteronuclear dipolar recoupling via TEDOR#%:41 with 1y =
1.6 ms, which is optimal for one-bond polarization transfer, i.e., Nj-COj.; and N;-Ca,;. The
improved line width allows the observation of certain cross-peaks that do not appear or are
very weak in spectra recorded with uniformly labeled samples. For example, only two Gly
residues are observed in U-Bom spectra, while the NCA spectrum of 2-pom contains the
three expected Gly cross-peaks. These one-bond 1°N-13C correlations were complemented
with medium range TEDOR experiments recorded with the 2-Bom and 1,3-B,m samples to
acquire Nj-Ca;.1, Nj-CO;, and N;-CB; correlations (Figure S3), while medium and long-
range 13C-13C experiments (data not shown) were used to obtain Coj-Caij+1, CO;-CBi, CO;-
Cyi, Ca;-Cyj, etc, correlations and to complete the sequential assignment of the resonances
in LS Bom fibrils. A detailed description of our resonance assignment strategy, with
particular emphasis on samples prepared with [2-13C] glycerol, will be given elsewhere.

All of the experiments used here for sequential assignments rely on the transfer of
polarization mediated by the dipolar coupling between two spins, and therefore probe
regions of the molecule that are characterized by high molecular order and low mobility.
However, the number of well-resolved cross-peaks observed in the spectra, only accounts
for a subset of the expected cross-peaks for a 100-residue protein. While static disorder can
lead to line broadening and thus contribute to the broad background observed in some
spectra (Figure 2), it is likely that the absence of cross-peaks or the differences in intensity
and line width observed for some residues are due to dynamics. Motion in the kHz regime,
for example, can interfere with cross polarization and 1H decoupling and thus attenuate line
intensities as well as produce broadening.#2744 In the case of solution-like mobility, the
dipole-dipole couplings required for efficient cross-polarization are attenuated and the
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intensity of the resulting cross-peaks may be reduced. The absence of some regions of the
sequence in MAS NMR spectra, originating from either of these three causes or a
combination of them, has been observed in multiple amyloid fibril systems including Ap,4°
a-synuclein,13 Het-s(218-289),46 and the Y 145Stop variant of the human prion protein.47:48

Dynamics of the N-terminus of LS B,m fibrils

To investigate the origins of the molecular disorder in the LS fibrils, we performed a MAS
INEPT-TOBSY 13C-13C correlation experiment#® and the spectra are presented in Figure 3.
The INEPT step, commonly used in solution NMR experiments, is efficient only for highly
mobile sites when applied to solid samples. These sites usually have vastly attenuated
dipolar couplings that do not interfere with the J-coupling mediated polarization transfer
during INEPT. The TOBSY (total through-bond correlation spectroscopy) mixing period
relies only on the isotropic J-coupling to transfer polarization between the nearby 13C spins.
In the LS fibrils, six mobile spin systems can be identified, three of which include the
backbone CO atoms. The chemical shifts of these spin systems are consistent with the
random coil chemical shift values of Met, lle, GIn, Arg, Thr and Lys, and, therefore, most
likely arise from the first few N-terminal residues (MIQRTPK) of Bo,m. The observed
flexibility of the N-terminus is consistent with previous studies that indicate a high degree of
solvent exposure for the first 20 residues.26:50 Consistent with this, dipolar

correlation 13C-13C spectra of a p,m fibrillar sample that has been partially digested by
pepsin, a process that is known to specifically cleave the N-terminal nine residues,26:51 have
the same number of cross-peaks as the 13C-13C spectra of undigested fibrils (data not
shown). This observation confirms that the N-terminal residues have attenuated effective
dipolar couplings and are not expected to appear in experiments based on dipolar mixing.

The dipolar and through-bond correlation experiments have allowed us to obtain spin system
assignments for 64 of the 100 residues in LS pom fibrils. This includes 45 sequential
assignments from dipolar spectra, 13 additional spin systems that are identified in dipolar
spectra but not unambiguously assigned, and 6 mobile residues at the N-terminus. The
sequentially assigned regions span residues 17-19, 27-32, 41-62, 71-74 and 77-86 that
define the majority of the rigid fibril core. We estimate that the dipolar spectra contain
additional cross-peaks consistent with the presence of approximately 10 more residues,
which means that approximately 25 residues are not observed in any spectra. For example,
while A78 gives well-resolved cross-peaks with sufficient intensity in all spectra, the other
alanine residue, A15, is prominently missing. No residues have yet been identified in the
region between 17 and E16, and in the C-terminus (L87-M99). No doubling of resonances
has been observed, pointing towards the absence of polymorphism or heterogeneity in the
case of these LS fibrils.

Chemical shift analysis of LS Bom fibrils

The chemical shifts of 39 of the 45 sequentially assigned residues were analyzed with the
TALOS program®2 and the Chemical Shift Index>3 (CSI) (Figure 4). TALOS provides
predictions of the likely ¢ and v angles, while CSI gives an estimate of the secondary
structure tendency based on the deviations of the chemical shifts from their random coil
values. Six residues yielded no results due to incomplete assignments, and are excluded
from Figure 4. Based on the predicted ¢ and y angles, and the chemical shifts of the Ca and
Cp atoms, three major B-strand regions can be identified amongst the assigned regions of the
sequence, namely residues 28-32, 44-55 and 78-85. Comparison of the fibril -strands with
the native p-strands from both solution®* and crystal structures,®>—27 shows that the native
D-strand is extended in the fibrils, while strand F seems to be preserved (Figure 5). The
residues around W60 and P72 probably also participate in B-strands, a major difference from
the native structure.

J Am Chem Soc. Author manuscript; available in PMC 2011 August 1.
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Analysis of the Cp and Cy chemical shifts of the two assigned proline residues, P32 (ACBCy
=4.3 ppm) and P72 (ACBCy = 5.1 ppm), indicates that both residues are likely to adopt the
more common trans-conformation in the fibril form.58:59 This is in contrast to the native
state of pom, where the H31-P32 bond is cis.>®:>7 Although the exact conformation of the
two proline residues can be determined only after the measurement of multiple distance
constraints, the chemical shift data are consistent with biochemical experiments which
indicate the presence of a trans-P32 folding intermediate on the fibril formation pathway at
neutral pH,%0:61 while P32 is also likely to be predominantly in the trans form in the
unfolded ensemble from which fibril formation is initiated at pH 2.5.

Comparison of the LS fibrils and the WL fibrils

The formation of fibrils with a different morphology dependent on the salt concentration, pH
and temperature, is a characteristic feature of many amyloidogeneic proteins.2 We
investigated the structural and dynamic differences and similarities of the LS fibrils formed
by pom at pH 2.5 and low ionic strength (50 mM), and the WL fibrils formed at pH 3.6 and
high ionic strength (200 mM).1® Buffers containing high concentrations of ions can
significantly decrease the RF performance of conventional MAS NMR probes and increase
the potential to overheat and damage the sample during data collection.3 In order to avoid
this problem, after formation and ultracentrifugation in 200 mM formate buffer, the WL
fibrils were washed and repelleted in 50 mM buffer. The EM images of the fibrils before and
approximately three weeks after the change of ionic strength did not reveal any detectable
differences in their length and morphology (Figure S1).

Figure 6 compares 1D spectra recorded with CP (cross polarization) and INEPT 13C
magnetization preparation steps for both fibril forms. As was observed for the LS fibrils, the
WL fibrils also contain a rigid fibril core as shown by their CP spectrum (Figure 6b),
although the resolution of this spectrum is lower than that observed in the CP spectrum of
the LS fibrils (Figure 6a). The INEPT spectrum of the WL fibrils (Figure 6d) contains more
peaks than that of the LS fibrils (Figure 6c), indicating that the WL fibrils are characterized
by enhanced mobility. Specifically, the WL fibrils seem to exhibit increased mobility in the
backbone, as shown by the presence of more lines in the Ca region (40-60 ppm) of their
INEPT spectrum, and in a few aromatic side-chains (110-140 ppm).

To compare the rigid cores of the two fibril forms, we recorded a 13C-13C correlation
spectrum of the WL fibrils with t,jx = 2.56 ms in an RFDR experiment. Figure 7 depicts a
superposition of this spectrum with the RFDR spectrum of the LS fibrils (labels
corresponding to the LS fibril assignments). The Ca-Cp region of the WL fibrils is
noticeably less resolved, and the relative intensities of some cross-peaks are significantly
different. For example, only one of the five threonine residues present in the B,m sequence
(T73) appears as a clearly resolved peak in the WL fibril spectrum, while the unassigned
serine Ca-Cp cross-peak (marked with asterisks) is much stronger than in the LS fibril
spectrum. On the other hand, the positions of many cross-peaks coincide for the two
samples, including cross-peaks that belong to P32, S33, 146, K48, S52, A79, and V85 in the
LS fibrils. These residues span all assigned regions of the LS fibrils, implying that the two
fibril forms share a similar core. The WL fibrils, however, display a higher level of
molecular disorder that compromises the resolution and the sensitivity of the dipolar spectra.
This low sensitivity did not allow us to perform further experiments on this sample (Figure
6a and b). Nevertheless, our findings suggest that the rigid core of the WL fibrils may
involve similar residues but is shorter in length than the core of the LS fibrils.

J Am Chem Soc. Author manuscript; available in PMC 2011 August 1.
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Discussion

The majority of residues are involved in the rigid core structure of LS Bom fibrils

The MAS NMR assignments presented above describe the first such information obtained
for LS amyloid-like fibrils formed from full-length oxidized gom. Although an MAS NMR
study has been performed previously on amyloid-like fibrils formed from a short peptide
fragment of Bom (residues 20-41),11 these fibrils do not form the disulphide bond between
C25 and C80 known to be vital for amyloid formation of the intact protein, and lack the
remainder of the sequence that is intimately involved in the fibril structure as shown by
EPR, HX and proteolysis.26:30:50 Furthermore, the 6070 residue region has been shown by
mutagenesis studies to be important in fibril formation from full-length Bom under these
conditions.54:65 Although at low pH monomeric p,m is found initially in an acid unfolded
and highly dynamic state2122 approximately 70% of the residues* appear in dipolar spectra
of the fibrils and most likely participate in the rigid fibril core. This implies that upon
aggregation there is a substantial reorganization within the polypeptide chain, in agreement
with previous studies using methods such as hydrogen exchange, limited proteolysis and
EPR, which show that the majority of residues, particularly those located between C25 and
C80, are involved in the fibril core.25:26,30,66

In our studies, a single set of resonances has been detected in MAS NMR spectra of LS
fibrils, indicating that the observed residues reside in a homogeneous environment.
Recently, a cryoEM study demonstrated that f,m may form polymorphous LS fibril types
under identical low pH conditions to those used here.2” It was proposed that a complex
architecture involving six protofilaments arranged as two crescent shaped units, each
containing three protofilaments, formed and that within each protofilament there were at
least three different subunit interfaces providing a complex superstructure. This is also
demonstrated by the fact that hydrogen exchange studies of om fibrils show that most
backbone amide positions do not reach 100 % exchange, implying differing solvent
exposure within a heterogeneous mixture where the same residue is protected differently
depending on its molecular environment.57:68 Such heterogeneity is also observed in EPR
measurements of Bom fibrils spin labeled at the N-terminal residues R3 and R11, where both
mobile and immobile components contribute to the spectra, but not at any other regions of
the protein involved in the core fibrillar structure.2? In combination with previous studies,
our MAS NMR data suggest that the core residues of Bom are in a homogeneous protected
environment in most fibrils and the gross physiognomic differences observed by cryoEM
can be explained by the macroscopic arrangement of subunits and/or protofibrils in relation
to each other. These interactions may create different chemical environments and
conformational variations for amino acid segments involved in the subunit interfaces. Such
conformational disorder can lead to line broadening and weak signal intensities as observed
for a fraction of the residues in the protein (in addition to dynamics).

Analysis of the fibrils using TOBSY experiments that are particularly sensitive to dynamics
within the sample indicated that six of the ~30 residues not observed in the dipolar
experiments are highly mobile compared to the rest of the sequence. The amino acid types
of the mobile residues correspond to those found within the seven N-terminal residues in the
sequence. The fact that this segment of fibrillar Bo,m is prone to specific cleavage at V9 by
pepsin (a non-specific protease that has been shown to digest acid unfolded pom at over
twenty sites throughout the sequence) suggests that this region of the polypeptide chain is
solvent exposed and dynamic.28:51:66 |ndeed, Trp substitution and hydrogen exchange

*This estimate includes all observable residues in the dipolar spectra but not the 6 residues identified in through-bond (INEPT-
TOBSY) experiments.

J Am Chem Soc. Author manuscript; available in PMC 2011 August 1.
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experiments of LS Bom fibrils monitored by solution NMR spectroscopy have indicated that
the N-terminus is exposed more than the rest of the protein, which is likely to be found in a
protected core.2%:69 Interestingly, disruption of the N-terminal region of the native protein
by mutation or truncation has also been observed to promote amyloid fibril formation at
neutral pH.60:61,70

A recent study of the LS amyloid fibrils formed from Bom at pH 2.5 using proteolysis and
solution NMR spectroscopy has confirmed that residues 1-9 are cleaved by pepsin digestion
and thus exposed, but are only seen to be dynamic by solution NMR when elongated with a
sequence designed to favor random coil conformations.® It is likely that the discrepancy
between the results presented here and the solution NMR dataset is due to the fact that the
solution NMR study measured backbone amide dynamics while the MAS INEPT-TOBSY
experiments described here were optimized for aliphatic transfer and were therefore more
sensitive to side chain motion. Since the mobility detected here is only limited to the very
end of the N-terminus, the rest of the 20 N-terminal residues that present increased HX
exchange rates® could still be part of the fibril core or play a role in the intermolecular
assembly of the fibrils. This possibility is also corroborated by EPR, a method that also
probes side chain mobility, which indicates that spin labels at residues 3 and 11 are highly
dynamic.30

Bom is organized in a non-native manner in amyloid-like fibrils

The experiments discussed here, aided by the use of alternating labeling, have allowed the
sequential assignment of 45 of the 100 residues present in the protein sequence and permit
conclusions to be drawn concerning the structure of fo,m at an amino acid level within the
fibril architecture. For instance, it is clear from the analysis of the chemical shifts (using
TALOS and CSI) that the protein is organized in a non-native arrangement within these
fibrils (Figures 4, 5). Comparison of the calculated secondary structure of pom in the LS
fibrillar state with those from the native globular form (both free and MHC-bound) shows a
number of differences, for instance regions of the protein sequence such as residues 59-60,
72-73 and 85-86 are found in 3-sheet elements in the fibrillar state that are not present in
the native state.5>=57 Throughout the central portion of the sequence of pom (residues ~28—
86) where assignments are available there is an increased prevalence of amino acids
showing a B-sheet conformational preference (except for residues 43 and 56). This agrees
with previous data for Bom as well as other amyloid-like states of proteins, provided by
techniques such as X-ray diffraction, which show an increase in B-structure as the proteins
form cross-p arrangements upon aggregation.® Furthermore, information from EPR and
FTIR studies has also indicated that the om polypeptide chain in LS fibrils is arranged in a
parallel and in-register arrangement.28:30 Interestingly, the region encompassing residues
44-55 is found in a B-sheet conformation in the LS fibrils yet this segment of the protein
contains bulges and loops in most structural studies of native p,m.18 X-ray crystallography
has indicated that rare conformations of the native state also exist where residues 51-56 of
the protein form a continuous B-strand without the bulge,>%:79=72 although it has also been
observed that straightening of p-strand D alone is insufficient for fibril formation.”® These
species have been proposed to be consistent with possible early structural changes that
promote intermolecular strand-strand recognition in protein aggregation of fom at neutral
pH.70:74,75 However, it is worth noting that no crystal structure of pom shows the extensive
f-strand conformational propensity that is indicated by the chemical shift data described
here suggesting that increased p-sheet structure in this region of the sequence is promoted
during the aggregation reaction.

An interesting feature of the MAS NMR data presented here is that both assigned prolines
(P32 and P72) adopt the trans conformer in the fibrillar state. A number of studies have
described the conformational change of the H31-P32 peptide bond from cis to trans as a

J Am Chem Soc. Author manuscript; available in PMC 2011 August 1.
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pivotal early step in the aggregation of ,m at neutral pH.20:61.70 At the low pH conditions
under which fibrils were formed in this study it would be expected that this peptide bond
would populate predominantly a trans configuration (in ~80 % of the acid unfolded
molecules).50:76 Therefore, the finding here that P32 adopts a trans conformation suggests
that a trans P32 bond is a common feature of fibrils formed at both pH 2.5 and pH 7.

The divergence from native-like structure of the pom polypeptide chain in LS fibrils
observed here is in good agreement with the cryoEM study of morphologically identical
Bom LS fibrils, which suggested that native-like monomers do not fit within the fibrillar
architecture.2” Other models founded on different types of biophysical information have also
been proposed for LS fibrils formed from full-length B,m. Based principally on analyses of
the amyloid-forming abilities at low pH of variants of the human B,m sequence, for
instance, Ivanova and co-workers proposed that these fibrils are composed of a zipper-spine
structure. In this model a tightly interdigitated core backbone is formed by residues 83-99
and the rest of the protein remains native-like and decorates the periphery of these fibrils.””
Such an organization appears unlikely in the Bom amyloid-like fibrils used in this study
based on chemical shift analysis. Furthermore, a molecular dynamics study has proposed a
domain swapping mechanism for propagation of pom fibrillation, where the N-terminal
region of one monomer exchanges with that of another, leading to a chain reaction.”® This
model would lead to a native-like structure of Bom, which is not easily reconciled with the
MAS NMR data presented here. The presence of native-like monomers within LS Bom
fibrils would also contradict data obtained from fiber diffraction, FTIR and EPR
experiments.29:30,79

A recently published MAS NMR study of full-length om conjectured that the overall native
structure is preserved in the fibrils, based on the observation of a fraction of similar 13C
signals between correlation spectra of fibrils formed at pH 2.5 and pom crystals.8° In the
absence of site-specific resonance assignments, such an inference is not consistent with the
secondary structure in the fibril state presented in this article. The latter was derived from
the analysis of chemical shifts in MAS spectra and shows important discrepancies between
the fibrillar and native states. It may be possible that different fibril morphologies were
studied in each case, as evidenced by large differences in MAS INEPT spectra, which in the
sample analyzed here indicate a flexible N-terminus that is consistent with proteolysis and
HX data.2%:26

Different morphologies show different atomic level structure

The long-straight and twisted amyloid-like morphology of LS Bom fibrils (~1 um length)
described above is thought to be structurally similar to ex vivo fibrillar samples extracted
from DRA patients in that both structures give rise to the same characteristic FTIR spectrum
and sensitivity to proteases.29:81:82 |n addition, the LS fibrils give rise to the full repertoire
of structural, tinctorial and ligand binding properties of amyloid fibrils ex vivo, confirming
their fidelity as good mimics of the naturally formed protein fibrils.2% An atomic description
of the LS fibrils may thus provide important insights into the structural properties of fom
fibrils formed in vivo. In addition to this classical amyloid fibril type, fom can also form
different fibril types when incubated at pH 2—4 in vitro at high ionic strength, resulting in
WL fibrils. 8 The LS and WL fibrils are distinct classes and each is formed by divergent
and competitive assembly pathways from the unfolded/partially folded monomers in
equilibrium under the assembly conditions employed. As a consequence, the fibril type(s)
that result from assembly can be modulated by alteration of the conditions under which the
protein is incubated. Accordingly, pure LS fibrils form at low ionic strength and low pH,
pure WL fibrils form at pH 3.6 at high ionic strength, while mixtures of the two are formed
under conditions between these extremes.83 Thus, by careful control of the solution
conditions samples containing each morphologically dissimilar species can be prepared
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exclusively (Figure S1). WL fibrils are a kinetically trapped species formed via a non-
nucleated reaction, whereas the LS fibrils form with classic amyloid-like nucleation
dependent kinetics.19:64,83,84 The MAS NMR data presented here show that, in common
with LS fibrils, WL fibrils exhibit a protected core that is rigid and hence amenable to solid-
state NMR methods. Many chemical shifts located throughout the polypeptide sequence are
similar to those found in LS fibrils, suggesting that there could be a high degree of structural
similarity between these two fibril types. However, there are also differences between the
spectra of LS and WL fibrils, which indicate that the WL fibrils are more dynamic and less
organized than the LS fibrils. This agrees with hydrogen exchange and proteolysis data,
which show that although WL fibrils have a protected core, it is not as extensive as that of
LS fibrils.25:26 Furthermore, experiments using densitometry indicate that WL fibrils have a
strong core but a more loosely packed exterior than LS fibrils, consistent with the MAS
NMR data presented here.8% FTIR experiments also indicate that there are differences at an
atomic level between LS and WL fibrils, in that different amide I’ absorbance maxima are
observed.2? In addition, recent studies using EPR, FTIR and Raman spectroscopies have
proposed that the side chains of LS fibrils have a more fixed spatial arrangement in the core
than those of WL fibrils.30:86

Importantly, the data presented here support the idea that the distinct macroscopic
morphological features of the B,m fibrils of different type, and perhaps the differences in
their thermodynamic stability and reactivity to the amyloid specific dyes Congo Red and
ThT as well as anti-amyloid antibodies,24:83 result from variation in structure and dynamics
at the molecular level, rather than from different association patterns starting from identical
units. This is analogous to the fibril strain phenomena of prions, where the same protein
sequences adopt alternative structures at a residue level leading to changes in fibril
morphology, stability and ability to replicate.8”

We have presented the initial MAS NMR spectra recorded from fibrils formed from full-
length Bo,m. The data indicate that LS fibrils formed under low pH conditions exhibit an
extensive fibril core, however, there is a significant portion of the sequence (~25 of 100
residues) that is not observed in either dipolar or through-bond experiments. The N-terminal
region is observed to display increased mobility compared with the remainder of the
sequence, which may explain its susceptibility to proteolysis and HX. Residues 27-86
display increased B-sheet content in the fibrillar form consistent with a wealth of other
biophysical data that indicate that the protein does not retain a native-like structure in these
assemblies. Interestingly, the data reveal that the prolyl bond at residue 32 is found in a non-
native trans conformation, consistent with proposed changes in early structures formed en
route to aggregation at neutral pH.20:70 The data indicate that the LS fibrils studied here
contain a structurally unique and uniform organization within their core, and there is no
evidence for gross structural polymorphism, at least within the regions of the sequence
analyzed here. Finally, we show that the core structures of LS and WL B,m fibrils appear to
have common elements, although there remain substantial differences, most notably with
regard to the increased dynamics and disorder displayed by the WL fibrils. Attainment of a
model of the atomic structure of Bom within amyloid-like fibrils will require completing the
assignments using specifically labeled samples. Experiments to investigate the tertiary and
quaternary structure of Bom within the fibril architecture are currently underway in our
laboratory.
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Methods

Protein Expression and Purification

Recombinant human f,-microglobulin (fo,m) was expressed in HCDM1 minimal media and
purified as described elsewhere.88 Uniformly 13C- and 15N-labelled p,m samples were
prepared by growing BL21(DE3) pLysS Esherichia coli in the presence of minimal media
enriched with 1 gL~ 15NH,4CI (Goss Scientific, UK) and 2 gL~ D-glucose-13Cg (Sigma
Aldrich, UK). Two biosynthetically site-directed 13C-enriched samples were prepared by
culturing bacteria in the presence of 1 gLt 15NH,Cl and either 2 gL ™1 [1,3-13C] glycerol or
2 gL~1 [2-13C] glycerol and NaH13CO5 (Cambridge Isotope Laboratories, Andover, MA) to
obtain labelling patterns consistent with those previously described.31:32

Fibril formation

Long, straight (LS) fibrils were formed at 1 mg mI~1 in 25 mM sodium acetate, 25 mM
sodium phosphate, 0.04% (w/v) NaN3 at pH 2.5, 37 °C with shaking for 14 days. The fibrils
were centrifuged at 265,000 x g for 1 hr and the resulting hydrated pellet was transferred
into a MAS rotor using a tabletop centrifuge. Varian 3.2 mm rotors (Revolution NMR, Fort
Collins, CO) as well as Bruker 2.5 mm and 3.2 mm rotors (Bruker BioSpin, Billerica, MA)
were used for the experiments outlined below. The rotors contained ~ 10 mg, 5 mg and 15
mg fibril sample respectively.

The worm-like (WL) fibrils were formed at 3 mg mI~1 in 200 mM ammonium formate
buffer at pH 3.6, 37 °C with no shaking for 2 days. These fibrils were transferred in 50 mM
ammonium formate buffer (pH 3.6) and centrifuged at 176,000 x g for 1 hr and packed into
a Bruker 2.5 mm rotor.

Solid-state NMR spectroscopy

Experiments were performed with custom designed spectrometers (courtesy of D.J. Ruben,
Francis Bitter Magnet Laboratory, Massachusetts Institute of Technology, Cambridge, MA)
operating at 700 and 750 MHz H Larmor frequency. The 700 MHz spectrometer was
equipped with a triple-resonance TH/13C/15N Varian-Chemagnetics 3.2 mm probe (Varian,
Inc., Palo Alto, CA). The 750 MHz experiments were performed with triple-resonance
Bruker probes (Bruker BioSpin, Billerica, MA) equipped with a 2.5 mm coil or a 3.2 mm E-
free coil. The sample was cooled with a stream of dry air maintained at a temperature of —5
°C, while we estimate that the sample temperature during the MAS experiments was 10-15
°C higher.

1D CP experiments were recorded using 1.2-1.8 ms contact time and 83 kHz TPPM89 1H
decoupling during acquisition. A 2D 13C-13C correlation experiment of the LS fibrils was
recorded with an RFDR sequence with tmjyx = 1.76 ms at @,/2n = 18.2 kHz, with 40 kHz =
pulses on the 13C channel during mixing, and 83 kHz TPPM decoupling on the 1H channel
during evolution, mixing and acquisition. The acquisition time was 12.3 ms and 24 ms in the
indirect and direct dimensions respectively. 1°N-13C correlations on 2-p,m and 1,3-Bom LS
fibril samples were recorded with TEDOR dipolar recoupling (tmix = 1.6 ms) at o,/2x = 10
kHz and 12.5 kHz respectively (40 kHz 1°N pulses, 100 kHz 13C pulses and 83 kHz 1H
decoupling during mixing). The acquisition times were 12.8 ms for t; and 24 ms for t, for 2-
Bom, and 11.2 ms and 24 ms respectively for 1,3-Bom fibrils. INEPT-TOBSY experiments
were recorded at @,/2n = 16.667 kHz, TOBSY mixing without decoupling (tmix = 5.77 ms),
12 ms t1 evolution and 24 ms t, evolution.

The 13C-13C correlation experiment of the WL fibrils was recorded with RFDR mixing (tmiy
=2.56 ms) at o,/2rn = 12.5 kHz, with 20 kHz = pulses on the 13C channel during mixing, and
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83 kHz 1H decoupling during mixing and acquisition. The carrier frequency was centred on
the aliphatic region. The acquisition time in the indirect dimension was 8 ms, and 24 ms in
the direct dimension respectively.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.

13¢C-13¢ correlation spectrum (RFDR 1ty = 1.76 ms)

of LS U-B,m fibrils, obtained at 750

MHz, o/21 = 18.2 kHz. At this mixing time predominantly one-bond correlations are
observed. Unless otherwise noted, the labels refer to Ca-CO correlations (left panel) and Ca-
Cp correlations (right panel). The circles show the regions where easy to identify residues

like lle, Ala, Thr, and Ser are typically found.
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Figure 2.

15N-13C correlation spectra of a) 2-Bo,m LS fibrils, obtained at 700 MHz, o,/2r = 10.0 kHz,
and b) 1,3-Bom LS fibrils, obtained at 750 MHz, ,/2x = 12.5 kHz. Dipolar recoupling was

achieved with ZF-TEDOR and tyjx = 1.6 ms. Unless otherwise noted, the labels refer to Nj-
COj.; correlations (left panels) and N;-Co; correlations (right panels).
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13C-13C INEPT-TOBSY spectrum obtained at 750 MHz and ,/2x = 16.7 kHz with a U-pom

LS fibril sample (tix = 5.77 ms).
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Figure 4.

Chemical shift analysis of the LS fibril assignments based on a) torsion angle analysis with
TALOS and b) the chemical shift index (CSI). The circles in a) correspond to the predicted
v angles, while the filled squares correspond to the predicted ¢ angles.
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Figure 5.

a) Predicted B-strand regions (filled rectangles) in the fibrils, b) B-strands in fom bound to
the heavy chain in the MHC-1 complex [Ref. 98], ¢) B-strands in native p,m as determined
by solution NMR [Ref. 5], d) B-strands in native monomeric pom as determined by X-ray
crystallography [Refs. 37 and °8], e) the sequence of pom with all assigned residues in the
fibril form underlined. The unfilled rectangle in a) represents the dynamic N-terminus. The
designation of each native strand is shown in d).
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Figure 6.

40 0
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Comparison of CP (a and b) and INEPT (c and d) spectra of the LS U-B,m fibrils (a and c)
and WL U-B,m fibrils (b and d). All spectra were obtained at 750 MHz in a 2.5 mm rotor (~
5 mg of sample). The spectra in a), b) and d) were recorded with ®,/2x = 12.5 kHz and 128
scans, while c) was recorded with o,/2x = 16.7 kHz with 32 scans.
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Figure 7.

13C-13¢ correlation spectra comparing U-Bom WL (red) and U-pom LS fibrils (blue) (RFDR
Tmix = 2.56 ms, o,/2x = 12.5 kHz for the WL fibrils, and RFDR 1jx = 1.76 ms, /21 =
18.182 kHz for the LS fibrils). The labels represent the LS fibril assignments. The asterisk
denotes a Ser Ca-Cp cross-peak that is much more prominent in the WL fibril spectrum.
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