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Segmental structural dynamics in Ap42 globulomers

Allison Yoon, James Zhen, Zhefeng Guo”
Department of Neurology, Brain Research Institute, Molecular Biology Institute, University of
California, Los Angeles, California 90095, USA.

Abstract

AP42 aggregation plays a central role in the pathogenesis of Alzheimer’s disease. In addition to
the insoluble fibrils that comprise the amyloid plaques, Ap42 also forms soluble aggregates
collectively called oligomers, which are more toxic and pathogenic than fibrils. Understanding the
structure and dynamics of AB42 oligomers is critical for developing effective therapeutic
interventions against these oligomers. Here we studied the structural dynamics of Ap42
globulomers, a type of Ap42 oligomers prepared in the presence of sodium dodecyl sulfate, using
site-directed spin labeling. Spin labels were introduced, one at a time, at all 42 residue positions of
AP42 sequence. Electron paramagnetic resonance spectra of spin-labeled samples reveal four
structural segments based on site-dependent spin label mobility pattern. Segment-1 consists of
residues 1-6, which have the highest mobility that is consistent with complete disorder. Segment-3
is the most immobilized region, including residues 31-34. Segment-2 and —4 have intermediate
mobility and are composed of residues 7-30 and 35-42, respectively. Considering the inverse
relationship between protein dynamics and stability, our results suggest that residues 31-34 are the
most stable segment in AB42 oligomers. At the same time, the EPR spectral lineshape suggests
that AB42 globulomers lack a well-packed structural core akin to that of globular proteins.
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INTRODUCTION

Aggregation of Ap protein plays a central role in the pathogenesis of Alzheimer’s disease
[1,2]. The main products of Ap aggregation include soluble oligomers and insoluble
amyloid fibrils. The Ap fibrils are the main component of senile plaques, but the oligomers
are more toxic and believed to be more pathogenic than fibrils [3]. The mechanism of action
by oligomers on neurons and neuronal processes is yet to be fully elucidated. To facilitate
biochemical and biophysical studies of Ap oligomers, different protocols have been devised
to prepare in vitro oligomers with high homogeneity. Examples of these in vitro oligomers
include Ap-derived diffusible ligands [4], prefibrillar oligomers [5], amylospheroids [6], B-
barrel pore-forming oligomers [7], and globulomers [8]. Globulomers, prepared in the
presence of low concentrations of sodium dodecyl sulfate (SDS), have been shown to bind to
hippocampal neurons and inhibit long-term potentiation [8]. Further studies showed that Ap
globulomers suppress spontaneous synaptic activity through inhibition of presynaptic
calcium currents [9,10]. In tau transgenic mice, globulomers impair mitochondrial function
[11]. Globulomer-specific antibodies showed positive staining in the brain slice of
Alzheimer’s disease patients, supporting the pathological relevance of Ap globulomers
[8,12].

Structural information of Ap oligomers is important for understanding the process of
oligomerization, the relationship between oligomers and fibrils, and eventually the structural
basis of oligomer toxicity. Using site-directed spin labeling and electron paramagnetic
resonance (EPR) spectroscopy, we previously studied the structure of Ap42 globulomers
with spin labels introduced, one at a time, at 14 residue positions [13]. X-ray powder
diffraction and circular dichroism data showed primarily B-structures in AB42 globulomers.
Intermolecular distance measurements using EPR suggested that residues 29-40 likely form
an antiparallel B-sheet structure. Spin label mobility analysis revealed an overall increase in
structural order from N- to C-terminus. Our findings are supported by solid-state NMR
studies by Paravastu and colleagues [14], which show that residues 30-42 form a p-strand in
an antiparallel B-sheet. Recently, new NMR data from Paravastu and colleagues [15]
indicated that residues 11-24 forms another B-strand in an out-of-register parallel g-sheet.
Despite these recent progresses, detailed structural models for globulomers are still beyond
reach.

EPR is a commonly used structural technique for the studies of protein structure and
dynamics [16,17]. The EPR spectral lineshape is primarily determined by spin label
mobility, which reflects the local structure and dynamics at the labeling site. With decreasing
spin label mobility, the overall amplitude of the EPR spectrum decreases and the separation
between the two outermost peaks increases (Figure 1A). Using model proteins such as T4
lysozyme [18-20], the mobility of the spin label has been correlated to structural details
revealed by the crystal structures of the spin-labeled proteins. Generally speaking, spin
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labels located on protein surface have higher mobility than spin labels buried in the interior
of proteins. Among the surface sites, spin labels located on a loop or turn structure are more
mobile than spin labels located on a-helices or p-strands due to more rigid backbone
structure. Figure 1 shows the correlation between EPR spectral lineshape and the local
structure of the labeling site in three spin-labeled T4 lysozyme mutants, all of which have
crystal structures available [18-20]. The EPR spectrum of T4 lysozyme A82R1 (R1
represents the spin label), a surface-facing turn site, gives rise to sharp spectral lines and
high amplitude (Figure 1B). In comparison, the surface helix site S44R1 has an EPR
spectrum that is broader with lower amplitude (Figure 1C). This is because the protein
backbone of the a-helix is more rigid than that of a turn region. This increase in backbone
order can be detected by EPR measurement. When the spin label is located in the interior of
a protein, the EPR spectrum is characterized by increased separation between the two
outmost peaks, which is labeled as 24, in Figure 1D. A, is the Z-axis component of the
hyperfine interaction between the unpaired electron and the nitrogen atom of the nitroxide
spin label. For fast tumbling spin labels, only isotropic hyperfine interaction can be
observed, shown in Figure 1A as Ag. The well-resolved A, is a feature of slow tumbling
spin label, which is typically observed at buried sites where the spin label side chain is
constrained by crowded local environment (Figure 1D).

To gain a detailed understanding into the segmental structural order and packing in Ap42
globulomers, we completed a spin label scanning study to obtain EPR data on spin label
mobility at the single-residue spatial resolution. Site-dependent spin label mobility shows
that residues 1-6 are completely disordered and residues 31-34 are most rigid, suggesting
that they form the most stable segment in Ap42 globulomers. Meanwhile, the EPR spectral
lineshape also suggests that globulomers do not have a well-packed structural core akin to
that of globular proteins.

MATERIAL AND METHODS

Preparation of AB42 cysteine mutants and spin labeling.

Single cysteine mutants for all 42 residue positions of AB42 have been described previously
[21,22]. For protein expression, the cysteine mutants of AB42 fusion protein construct,
GroES-ubiquitin-Ap42 [23], were transformed into £. coli C41 (DE3) cells (Lucigen).
Detailed purification procedures have been described previously [25]. Briefly, expressed
proteins were loaded on a nickel column in a high-pH denaturing buffer (50 mM phosphate,
8 M urea, pH 10) and eluted using an imidazole gradient. The fusion protein partners were
then cleaved off with a deubiquitylating enzyme, Usp2-cc [24], resulting in the full-length
AB42 protein without any extra residues. Following purification, the cysteine mutants of
AP42 were labeled with the spin labeling reagent MTSSL, 1-oxyl-2,2,5,5-
tetramethylpyrroline-3-methyl methanethiosulfonate (Adipogen), as previously described
[13]. The spin label side chain is named R1. The labeling efficiency was evaluated with mass
spectrometry. Only AB42 proteins with labeling efficiency of >95% were used in the
subsequent experiments
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Preparation of AB42 globulomers.

APB42 was dissolved in 100% 1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to 100 uM and
incubated at room temperature for 24 h with shaking at 1000 rpm. Then HFIP was left to
evaporate overnight in a fume hood. Ap42 was then dissolved in dimethyl sulfoxide
(DMSO) to a final concentration of 5 mM. Ap concentration was determined using a
fluorescamine method [26]. Then AP samples in DMSO were used to prepare globulomers
as described previously [13].

EPR spectroscopy.

Approximately 15 uL of Ap globulomer samples were loaded into glass capillaries
(VitroCom) sealed at one end. Continuous-wave EPR spectra were collected using a Bruker
EMXnano spectrometer at X-band at room temperature. A microwave power of 15 mW and
a modulation frequency of 100 kHz were used. Modulation amplitude was optimized for
each individual sample. Scan width was 100 G.

RESULTS AND DISCUSSION

We prepared 42 spin-labeled AB42 globulomer samples. Each sample consists of a variant of
AP42 spin-labeled at a different residue position. Then we obtained the EPR spectra of all
42 globulomer samples, which are shown in Figure 2. All the EPR spectra are characterized
by three sharp lines, characteristic of fast motion. These EPR spectra resembles the surface
sites of T4 lysozyme (Figure 1), a model protein that has been extensively studied to
correlate EPR spectral features and structural properties [18-20]. The hyperfine splitting in
the EPR spectra of all the globulomers is also isotropic, as shown for the spectrum of A42R1
in Figure 2. The spin label motion has three main contributions: the tumbling of the Ap
oligomers, the protein backbone dynamics, and the internal bond rotations of the spin label
side chain. Size exclusion chromatography studies showed that the main elution peak for
AB42 globulomers was at approximately 150 kD [13]. Oligomers of >100 kD would have a
rotational correlation time of >50 ns [27,28], which corresponds to very slow motion on the
timescale of the continuous-wave EPR (Figure 1A). Therefore, the spin label mobility in the
globulomers reflects mostly the motion of the protein backbone and the spin label side
chain.

To obtain site-specific information on structural dynamics, we plotted the center line
amplitude of the EPR spectra at each of the 42 labeling sites in Figure 3A. All the EPR
spectra of spin-labeled globulomers have very similar lineshape with three sharp lines,
suggesting fast motion. The difference in the spin label mobility can be captured in the
overall amplitude of the EPR spectrum, which is represented by the center line amplitude
(Figure 3A, inset). Based on their mobility, Ap42 residues can be divided into four
segments. The first six residues appear to be completely disordered, with highest spin label
mobility. Residues 7-30 form a long segment of intermediate mobility, although this segment
is more mobile than the C-terminal segment spanning residues 35-42. The residue positions
with lowest spin label mobility are 31-34. Considering the inverse relationship between
protein dynamics and stability [29,30], the EPR data suggest that residues 31-34 form the
most stable segment in AB42 globulomers
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In well-folded globular proteins, spin labels introduced at the hydrophobic core show
characteristic slow-motion EPR spectra with well-separated outermost peaks (2A4;,),
suggesting anisotropic hyperfine interactions (Figure 1D). In contrast, spin labels on the
solvent-exposed surface sites show the two outermost peaks close together, indicating
isotropic hyperfine interactions (A in Figure 1A). In AB42 globulomers, even the most rigid
labeling positions, 31-34, give rise to EPR spectra with isotropic hyperfine interactions
(Figure 2), suggesting relatively unrestrained motion for the spin label side chains.
Therefore, the EPR spectral features suggest that Ap42 globulomers lack a well-packed
structural core akin to that of globular proteins.

In a previous study of our group [13], we introduced spin labels at 14 residue positions of
AP42 and studied the spin label mobility in globulomers. In that study [13], globulomers
were prepared using a mixture of spin-labeled and wild-type AB42 proteins, a procedure
called spin dilution. As a result, the intermolecular spin-spin interactions were minimized,
allowing the determination of rotational correlation time using spectral simulations. In the
present study, the globulomers were prepared using only spin-labeled AB42 proteins, so the
intermolecular spin-spin interactions also contribute to the EPR spectral lineshape. To
investigate if the EPR spectra of globulomers formed by only spin-labeled Ap42 give similar
information on spin label mobility as the EPR spectra of Ap42 globulomers with spin
dilution, we reproduced the graph of rotational correlation time from the previous study of
Gu et al. [13] (Figure 3B). Comparison of Figure 3A and 3B indicates that the EPR center
line amplitude from only spin-labeled AB42 (Figure 3A) captures the spin label mobility
information shown in Figure 3B. This comparison also reveals the power of increased spatial
resolution. The previous study [13] revealed the general trend of increasing structural order
from N- to C-terminus, but the present study reveals detailed structural segments with
distinct spin label mobility patterns.

Using spin labeling and EPR, our group previously studied another type of AB42 oligomer
preparation in Gu et al. [31]. Although the oligomers were prepared using a fusion protein
construct of Ap42, the oligomers had properties of prefibrillar oligomers such as binding to
oligomer-specific A11 antibody [31]. The spin label mobility data for the prefibrillar
oligomers, reproduced in Figure 3C, are markedly different from globulomers. The
prefibrillar AB42 oligomers [31] show two segments of low mobility residues (13-23 and
28-42), which are separated by a high-mobility segment (Figure 3C). This is consistent with
a p-turn-B motif. The same B-turn-p motif has also been suggested in Ap42 fibrils from
hydrogen exchange data [32,33], suggesting a potential structural conversion from oligomers
to fibrils through “strand rotation” [31]. Another difference between globulomers and the
previously studied prefibrillar oligomers [31] is that the EPR spectra of prefibrillar
oligomers are as immobilized as those in the buried sites of globular proteins, suggesting
well-packed structures in the prefibrillar oligomers. An example of these immobilized
spectra is shown in Figure 3C (inset).

Paravastu and colleagues have studied an oligomer preparation of Ap42, called 150-kD
oligomers, using solid-state NMR techniques [14,15]. Similar to Ap42 globulomers [8], the
150-kD oligomers were also prepared in the presence of low concentrations of SDS and
showed 30-60 kD bands on SDS-PAGE [34,35]. In our previous studies, we found that Ap42
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globulomers had a main peak at approximately 150 kD on size exclusion chromatography
chromatogram [13]. These studies suggest that globulomers and the 150-kD oligomers are
the same type of AB42 oligomers. Results obtained by Paravastu and colleagues showed the
150-kD oligomers have two p-strands at residues 11-24 and 30-42 [14,15]. This is consistent
with our previous findings on prefibrillar oligomers (Figure 3C) [31], which showed two low
mobility regions at residues 13-23 and 28-42. In a recent solid-state NMR study of p-barrel
pore-forming Ap42 oligomers, Carulla and colleagues revealed two different AB42 subunits
in the oligomers: one subunit consisting of two B-strands at residues 9-21 and 28-40 and the
other one with only one p-strand at residues 29-31 [36]. Collectively, these studies suggest
two potential p-strand regions at residues 10-20 and 30-42. The continuous B-strand at
residues 30-42 is particularly in contrast to the B-turn-g motif of this region in Ap42 fibril
structures [37-41]. Therefore, in addition to antiparallel p-sheet structure, the continuous C-
terminal B-strand at residues 30-40 may be another signature structural feature for Ap42
oligomers in general.

Our EPR data also suggest that the two hydrophobic regions of AB42 sequence, residues
17-21 (also known as the central hydrophobic cluster) and 30-42, play different roles in the
oligomers. The overall mobility of the C-terminal hydrophobic region covering residues
30-42 is lower than the central hydrophobic cluster residues 17-21 (Figure 3A). This
suggests that the C-terminal hydrophobic region contributes more to the stability of Ap42
globulomers. The four residues with lowest spin label mobility include two isoleucine, one
leucine, and one glycine residues, suggesting that Ap42 globulomers are stabilized primarily
by hydrophobic interactions. In a previous cysteine scanning mutagenesis study of Ap42
oligomerization in the presence of 8 M urea, we found that mutations to C-terminal residues
lle-31, lle-32, Leu-34, Val-39, Val-40 and lle-41 abolished the formation of SDS-resistant
tetramer and hexamers, but mutations to residues Leu-17 and Phe-20 did not have the same
effect [42]. This is also consistent with a previous hydrogen exchange study of Ap42
globulomers, which showed that the C-terminal residues 31-41 are the only long stretch of
protected residues [43]. Collectively, these results suggest that, although residues 7-30 are
ordered in Ap42 globulomers, C-terminal residues 31-42 contribute most to the structural
stability, with residues 31-34 at the structural core.
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. AP42 globulomers are a type of toxic and physiologically relevant oligomers.
. We used spin labeling and EPR to obtain mobility information at all 42 sites.
. Residues 1-6 are disordered; 7-30 and 35-42 are two of the ordered segments.
. Residues 31-34 comprise the most stable segment in globulomers.

. Globulomers don’t have a well-packed structural core like globular proteins.
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Figure 1. Effect of spin label mobility and labeling location on EPR spectral lineshape.
(A) Effect of spin label mobility on the EPR spectral lineshape. EPR spectra were simulated

using isotropic spin label motion with rotational correlation time (tg) of 1 to 100 ns. Note
that increase in rotational correlation time from 1 to 5 ns leads to reduced spectral
amplitude. Further increase in rotational correlation time above 5 ns results in increased
separation between the two outermost peaks. At fast motions (tg of 1-5 ns), only the
isotropic hyperfine splitting, Ag, can be measured from the EPR spectrum. At slower
motions (tg >10 ns), the z-axis component of the hyperfine splitting, A,;, can be measured
from the EPR spectrum. (B-D) Effect of the labeling location on EPR spectral lineshape. R1
represents the spin label. Dashed lines are drawn to aid comparison. The ribbon models are
built from the crystal structures of the T4 lysozyme variants, A82R1 (PDB entry 1ZYT)
[18], S44R1 (PDB entry 2Q9E) [19], and L118R1 (2NTH) [20]. All EPR spectra are 100 G
in width.
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Figure 2. EPR spectra of spin-labeled Ap42 globulomers.
R1 represents the spin label. Measurement of the isotropic hyperfine splitting, Ay, is shown

for the EPR spectrum of A42R1. All spectra are normalized to the same number of spins.

The scan width is 100 G
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Figure 3. Segmental structural dynamics in Ap42 globulomers.
(A) Residue-dependent profile of the EPR center line amplitude in spin-labeled Ap42

globulomers. Higher EPR spectral amplitude corresponds to higher spin label mobility,
suggesting that the labeling site is more disordered. In contrast, lower EPR spectral
amplitude suggests lower spin label mobility and more structural order at the labeling site.
Based on this analysis, the AB42 sequence can be grouped into four segments. Segment-1
includes residues 1-6 and is likely completely disordered. Segment-3 consists of residues
31-34 and is the most ordered region in Ap42 globulomers. Inset shows the measurement of
center line amplitude. Symbols in red represent residue positions also studied in a previous
work [13] (see also panel B). AU, arbitrary unit. (B) Spin label mobility analysis in a
previous EPR study of AB42 globulomers [13] that includes 14 labeling positions. Note that
the results of this work (panel A) are inline with our previous study, suggesting high
reproducibility of our EPR data. (C) Spin label mobility analysis in a previous EPR study of
ABA42 prefibrillar oligomers [31], showing two clear segments of low spin label mobility
(segments 2 and 4) that are separated by a high mobility segment.
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