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Abstract

The most common isoforms of amyloid-f3 (APB) proteins are composed of 40 or 42
amino acid residues. While Ap-(1-40) is the predominant species, AB-(1-42) is more
fibrillogenic and neurotoxic, suggesting that AP-(1-42) plays a critical role in the
initiation of amyloid fibril formation. We investigated the mechanisms by which soluble
AB-(1-40) associates with preformed AP-(1-42) seeds. A paramagnetic relaxation
enhancement analysis showed that the Ap-(1-40) monomer and AB-(1-42) seed interact
via their C-terminal region in a parallel fashion, and the N-terminal part does not to

contribute to the interaction.
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1. Introduction

The aggregation and deposition of amyloid (3-peptide (Af) are considered critical
to the development of Alzheimer’s disease (AD) [1, 2]. The most common isoforms of
AP are AB-(1-40) and AP-(1-42). Although AB-(1-40) is the predominant species,
AB-(1-42) is more fibrillogenic and neurotoxic [3, 4], suggesting that ApB-(1-42) plays
a critical role in the initiation of plaque formation and AD onset.

The most convincing model for the formation of amyloid fibrils is the
nucleation-dependent polymerization model, which separates the fibrillization process
into a nucleation phase and an elongation phase [5-8]. Nucleation requires the
self-association of soluble monomers, which is thermodynamically unfavorable,
resulting in a long lag-phase in the kinetics of amyloid fibril formation. Once the
nucleus is formed, however, the further addition of monomers is a much more favorable
process, and proceeds rapidly. Whereas fibril elongation is well approximated by a
first-order kinetic model [7, 8], a more detailed mechanism such as the Dock-Lock
model is also proposed [9]. In this model, the soluble monomer first binds to the fibril
terminus reversibly (the Dock-phase), and then the docked protein undergoes
irreversible conformational change (the Lock-phase) to adopt the fibril structure.
However, analysis of the fibrillization process is hampered by the short lifetime of the
transiently attached molecule at the terminus of the fibrils.

In this study, we investigated the interaction between AP-(1-40) monomers and

preformed AB-(1-42) fibrils. When preformed Ap-(1-42) fibrils were added to soluble



AB-(1-40) monomers, the growth of amyloid fibrils proceeded after a long lag period
(~1 h). This enableed us to examine the site of interaction at the amino acid level using
paramagnetic relaxation enhancement (PRE)-NMR measurements. We introduced the
nitroxide radical MTSL at two different positions of Af-(1-42). When the MTSL
spin-label was introduced at the N-terminal position of ApB-(1-42) seed, the NMR peak
intensity of soluble "N-AB-(1-40) did not change significantly. In contrast, when the
spin-label was introduced at Ala30 of AP-(1-42) seed, a dramatic decrease in peak
intensity was observed especially in the C-terminal region of soluble “"N-Ap-(1-40).
These results demonstrate that the AP-(1-40) monomer and AP-(1-42) seed interact

mainly via their C-terminal region.

2. Materials and methods
2.1 Materials

"N-Ammonium chloride and sodium 2,2-dimethyl-2-silapentane-5-sulfonate
(DSS) were purchased from SI Science Co. Ltd.
(1-Oxyl-2,2,5 5-tetramethyl-A3-pyrroline-3-methyl) methanethiosulfonate (MTSL) was
obtained from Toronto Research Chemicals. Other reagents were purchased from

Nacalai Tesque.

2.2 Protein preparation

Expression and purification of non-labeled and uniformly ""N-labeled Ap-(1-40)



were performed as described previously [10, 11]. The plasmids encoding Af-(1-42) and
mutant proteins, in which Ala2 or Ala30 was replaced by Cys, were constructed by the
QuickChange (Stratagene) method using pET28a-HO6UbAB-(1-40) as a template DNA.
Expression and purification of wild-type and mutant Ap-(1-42) were performed with
the same methods as for AP-(1-40), except for the reversed-phase HPLC conditions.
The cleaved AP-(1-42) moiety was purified by using a 5C,;-MS-II packed column
(Nacalai Tesque, Kyoto, Japan) under alkaline conditions [12]. The fraction containing
AB-(1-42) was collected and lyophilized.

Purified A2C-AB-(1-42) or A30C-AB-(1-42) was dissolved in 95% dimethyl
sulfoxide/1% trifluoroacetic acid and a 5-fold molar excess of MTSL was added to the
solution. After a 1h incubation at 25°C, spin-labeled proteins were purified by HPLC.
The purity and identity of the proteins were confirmed by reversed-phase HPLC and
electrospray ionization mass spectrometry. The purity of the proteins was greater than

95%.

2.3 Seed-free preparation

Purified AP was dissolved in 0.02% ammonia on ice, and any large aggregates
which could act as a seed for aggregation were removed by ultracentrifugation in
polyallomer tubes at 540,000 g, 4 °C for 3 h. A supernatant fraction was collected, and
the concentration of protein was determined in triplicate by Micro BCA protein assay

(Pierce, Rockford, IL). The supernatant was stored as a stock solution at —80 °C prior to



use.

2.4 Thioflavin T fluorescence

The protein stock solutions dissolved in 0.02% ammonia were mixed with the
same volume of double concentrated PBS (16.0 g/L of NaCl, 0.40 g/L of KCl, 2.30 g/L.
of Na,HPO, and 0.40 g/L of KH,PO,, pH 7.4) on ice, and further diluted by PBS to
prepare a 15 uM sample solution. The sample temperature was raised to 37 °C to
initiate the fibril formation. The sample (final AP concentration, 0.5 uM) was added to a
5 uM ThT solution in 50 mM glycine-NaOH buffer, pH 8.5. Fluorescence at 490 nm
was measured at an excitation wavelength of 446 nm at 25 °C [8]. To prepare the seeds
for the amyloid fibrils, spontaneously formed aggregates were sonicated on ice with 20
intermittent pulses (pulse of 0.6 s, interval of 0.4 s, output level of 2) using an ultrasonic
disruptor equipped with a TP-030 microtip (UD-201, Tomy, Tokyo). Sonicated seed

fibrils at 5% (w/w) were added to seed-free Ap.

2.5 Preparation of spin-labeled AB-(1-42) seed fibrils

Spin-labeled Ap-(1-42) was incubated with wild-type APB-(1-42) seeds and the
sample solution was incubated at 37°C. Formation of amyloid fibrils was confirmed by
ThT assay. The fibrils were collected by centrifugation (22,000 g, 10 min) and washed

with water twice. The fibril suspension was sonicated as described above.



2.6 NMR measurements

NMR spectra were measured on a Bruker DMX600 spectrometer equipped with a
triple-axis gradient TXI probe. Seventy-five micromolar of '’N-labeled AB-(1-40) was
dissolved in 50 mM sodium phosphate (pH 6.5), 100 mM NaCl, and 10% D,O. 'H-"N
HQSC spectra of "N-AB-(1-40) were measured at 25 °C in the absence or presence of
75 uM (monomer equivalent) spin-labeled AB-(1-42) seed fibrils. 'H-"N HSQC
assignments were obtained previously [11]. The number of scans was 8 and
measurement time was approximately 40 min. The chemical shift value was referenced
with DSS. The spectra were processed with nmrPipe and analyzed with nmrDraw and

PIPP [13, 14].

3. Results and Discussion
3.1. The elongation kinetics of AB-(1-40) from AB-(1-42) seeds exhibits a lag phase

To elucidate the role of AP-(1-42) in AP aggregation, we analyzed the growth
kinetics of the amyloid fibrils formed by soluble AB-(1-40) seeded with preformed
AB-(1-40) or AB-(1-42) fibrils (Fig. 1). When the preformed AB-(1-40) seed was
added to the soluble monomer of Af-(1-40), fibril elongation proceeded rapidly
without a lag phase. In contrast, when the Ap-(1-42) seed was added to Ap-(1-40), the
kinetic profile of fibril growth exhibited a sigmoidal shape with an apparent lag time (~
1 h). This implies that a subtle but significant difference between molecular species

results in the slow extension kinetics and exhibits as the apparent lag phase. Similar



results were obtained in other studies [15-17]. The results indicate that the Ap-(1-40)
monomer reversibly binds to the end of the AB-(1-42) seed during the lag phase, then

becomes irreversibly associated after a conformational change as in the Dock-Lock

model [9].

3.2. Interaction between the AB-(1-40) monomer and AB-(1-42) seed probed by PRE

The presence of a lag phase before the fibril growth prompted us to explore the
interaction between the AB-(1-40) monomer and AB-(1-42) seed using PRE-NMR
measurements. 'H-"N HSQC spectra of "N-AB-(1-40) were measured in the absence
and presence of the seeds of amyloids formed by the spin-labeled AB-(1-42) at different
positions (Fig. 2). In the presence of A2C-labeled seeds, the signal intensity was slightly
and uniformly decreased to about 80% (Fig. 3, open circle). Similarly, a slight decrease
in intensity was observed in the presence of unlabeled AB-(1-42) seeds (Fig. 2D and
Fig. 3, closed triangle), indicating that the signal decrease caused by the A2C-labeled
seeds is not due to the PRE-effect. The decrease might be due to the chemical exchange
line broadening caused by the reversible binding and release events that occurred at the
terminus of the amyloid fibrils.

In contrast, in the presence of A30C-labeled seeds, a significant decrease in peak
intensity was observed (Fig. 3, open triangle). While the peak intensity change of
N-terminal region was moderate (50-70%), a more dramatic decrease (~40%) was

observed from the center to the C-terminal region, except for G38 and V39 whose



relative intensities were ~60%. These results showed that the Ap-(1-40) monomer and
AB-(1-42) seed interact mainly via their C-terminal region.

In the present study, NMR spectra were measured in the presence of 75 uM
(monomer-equivalent) of AB-(1-42) seeds. Since sonicated fibril seeds are thought to
consist of at least 140 molecules [18], the concentration of the ‘‘active’’ ends of seed is
considerably low (< 0.5 uM). By introducing MTSL-labeling into A30C-Ap-(1-42), the
interaction with such low-populated species could be effectively detected because
unpaired electrons dramatically increase the transverse relaxation rate of nearby (~ 25

A) nuclear spins.

3.3. Effects of residual Ap-(1-42) monomer on NMR signal intensity were negligible
Although the growth of amyloid fibrils is a strongly favorable process and
proceeds almost irreversibly, a trace amount of soluble monomer should coexist with
fibrils at the end of the reaction depending on the value of association and dissociation
constants [19]. Furthermore, several groups have shown that AB-(1-40) and Ap-(1-42)
interact with each other in monomeric form [15-17, 20]. Spin-labeled Ap-(1-42) fibrils
were collected by centrifugation and washed with water twice, however, some soluble
monomer still may coexist with the seed and the released spin-labeled monomer could
affect the NMR signal intensity via nonspecific random collisions with "N-Ap-(1-40).
To confirm that the observed decrease in signal intensity was caused by the interaction

with the terminus of the fibrils and not with the released soluble monomer, the effect of



the presence of the spin-labeled AB-(1-42) monomer on NMR signal intensity was
investigated.

We first quantified the concentration of coexisting monomer with spin-labeled
fibrils. The supernatant fraction after centrifugation of fibrils was analyzed by
reversed-phase HPLC (Fig.4). A standard calibration curve was prepared from the peak
area of spin-labeled AB-(1-42) monomer of known concentration, and showed good
linearity in the 0.5-5 uM concentration range (Fig. 4, inset). The concentration of the
residual monomer in the seed sample was determined to be 0.996 uM. Next, 'H-"N
HSQC spectra of "N-AB-(1-40) were measured in the absence or presence of the 1 uM
of spin-labeled A30C-Ap-(1-42) monomer (Fig. 5). Although a slight and uniform
decrease in peak intensity was observed (~90%), the effect of the residual monomer was
almost negligible. This demonstrates that the significant decrease in peak intensity
observed in the presence of spin-labeled A30C-AB-(1-42) seed is resulted from the

interaction with the preformed fibril seeds.

3.4. AB-(1-40) monomer associates with AB-(1-42) fibrils in a parallel fashion

Recent studies with solid-state NMR spectroscopy suggest that the amyloid fibrils
formed by AP-(1-40) and AB-(1-42) are predominantly composed of in-register,
parallel (-sheets although several variations in molecular organizations have been
identified [21-23]. These models of amyloid fibril of APs indicate in common that A30

is considered to be situated in the C-terminal -strand. The present results indicated that



while the AB-(1-40) monomer and AB-(1-42) seed interact through their C-terminal
region, whereas the N-terminal residues were not involved. The similar results that
demonstrating the flexible N-terminal regions is obtained by H/D exchange experiment
of AP-(1-40) amyloid fibrils [24]. The flexibility of the N-terminal region is also
indicated by the solid-state NMR study of AP-(1-42) amyloid fibrils [21]. Our results
are also consistent with the structure of AP amyloid fibrils, where each molecule
associates in a parallel fashion [21, 25, 26].

It has been demonstrated that Af-(1-40) and Ap-(1-42) are co-mixed within fibrils,
suggesting that they possess the same structural architecture [27]. Several structural
differences, however, have been suggested. AP-(1-40) adopts a strand-turn-strand
conformation with B-strands at V12-V24 and A30-V40 [25, 26]. A similar, but slightly
different position of p-strands is suggested for AP-(1-42), in which the strands are
composed of V18-S26 and 131-A42 [21]. In the present study, a dramatic decrease in
peak intensity was observed in the C-terminal region, whereas G38—V40 exhibited a
moderate decrease (Fig. 3). This implies that the G38-V40 region of AP-(1-40) is
flexible and does not tightly interact with the AB-(1-42) seed. The flexible motion of
AB-(1-40) at the C-terminal would be derived from the structural differences between
AB-(1-40) and AP-(1-42) amyloid fibrils. Such differences may eventually lead to the
long lag phase in the elongation kinetics of Af-(1-40) monomers seeded with
AB-(1-42) fibrils.

Fawzi et al. [28] examined the exchange reaction between AP monomers and



protofibrils by using °’N dark-state exchange saturation transfer. They demonstrated that
a simple two-state model with a monomer-protofibril failed to reproduce the
experimental DEST-profile, and proposed the presence of at least two kinds of bound
forms (I e @nd Lgyperea)- This model is considered to be a residue-specific expansion of
the Dock-Lock model. They showed that the residue-specific equilibrium constant (K3
= [Leonacdd/Miemerea]) Was significantly larger in the central hydrophobic region and part of
the C-terminal region, indicating these regions are in direct contact with the protofibril
surface. They also showed that the "N-R,™"™™* values of the C-terminal residues in
AB-(1-40) were small, indicating these residues are highly dynamical in the tethered
state. Although the experimental conditions differed between their study and the present
study (protofibril vs sonicated fibril seed, homogenous vs heterogeneous), both studies
suggest that the center to C-terminal region is responsible for the interaction with fibrils.

In this study, we investigated the mechanisms by which Ap-(1-40) elongates from
preformed AB-(1-42) seeds. When AP-(1-42) seed was added to seed-free AB-(1-40),
the aggregation profile exhibited a lag phase. The PRE analysis showed that the
AB-(1-40) monomer and APB-(1-42) seed interact mainly via their C-terminal region.
The C-terminal region of Af-(1-42) would be a promising therapeutic target for

inhibiting AP aggregation.
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Figure legends

Fig.1  (A) Analysis of cross-seeding activity of AB-(1-42). Seeds were prepared by
sonicating spontaneously formed aggregates of AB-(1-40) (open circle) and AP-(1-42)
(closed circle) and were added at 5% (w/w) to seed-free AP-(1-40) solution. After
various incubation periods at 37 °C, an aliquot of sample was analyzed using ThT
fluorescence. (B) A schematic drawing of cross-seeding experiment. A subtle but
significant difference in molecular structure resulted in a slow binding kinetics, which

exhibits as a lag-phase.

Fig.2  'H-"N HSQC spectra of "N-AB-(1-40) in the absence (A) and presence of
seeds formed by spin-labeled A2C-Ap-(1-42) (B), spin-labeled A30C-Ap-(1-42) (C),
or non-labeled A30C-AB-(1-42) (D). Seventy-five micromolar of "N-AB-(1-40) was
dissolved in 50 mM sodium phosphate (pH 6.5), 100 mM NaCl, and 10% D,O. 'H-"N
HQSC spectra of "N-AB-(1-40) were measured at 25°C in the absence or presence of

75 uM (monomer equivalent) AB-(1-42) seed.

Fig.3 Peak intensity of '"N-AB-(1-40) in the presence of spin-labeled
A2C-AB-(1-42) seeds (open circle), spin-labeled A30C-AB-(1-42) seeds (open
triangle), or non-labeled A30C-Ap-(1-42) seeds (closed triangle) relative to that in the
absence of seeds. Closed diamonds show amino acid residues that were not observed at

25 °C. Overlapping peaks, V24 and 131, are indicated by closed squares.
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Fig.4  Estimation of residual monomer concentrations in seed samples of
spin-labeled A30C-Ap-(1-42). Five-hundred microliters of supernatant fraction after
centrifugation of spin-labeled fibrils was analyzed by HPLC. (Inset) The standard
calibration curve prepared from the peak area of known concentration of spin-labeled
A30C-AB-(1-42) monomer. The peak area and the corresponding concentration of the

residual monomer are shown by a dotted line.

Fig.5 'H-"N HSQC spectra of 75 uM ""N-Ap-(1-40) in the absence (A) and
presence of 1 uM spin-labeled A30C-Af-(1-42) monomer (B). Peak intensity of
"N-AB-(1-40) in the presence of A30C-labeled monomer relative to that in the absence
of spin-labeled species is plotted against residue number (C). Definitions of closed

diamonds and squares are the same as in Fig. 3.
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