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We identify distinct site-specific dynamics over the time
course of AB;,3 amyloid formation by using an unnatural
amino acid, p-cyanophenylalanine, as a sensitive fluorescent
and Raman probe. Our results also suggest the key role of
an edge-to-face aromatic interaction in the conformational
conversion to form and stabilize B-sheet structure.

Progression of protein anomalous misfolding and aggregation events
that form amyloid fibrils is closely related to a number of amyloid
diseases, such as Alzheimer’s and Parkinson’s diseases.! Amyloid
fibrils normally contain a cross-B-sheet architechture extending in a
direction parallel to the fibril axis.2 However, the mechanistic view
of protein self-assembly to form amyloids is still not fully
understood, partly due to very limited experimental means to
examine the dynamic details of protein aggregation in real time. This
dramatically hinders the efforts for understanding of the mechanisms
of protein amyloidogenesis and the pathogenic nature of amyloid
fibrils. Moreover, an accumulating body of recent evidence suggests
that the diffusible intermediate assemblies appear to be key species
on the aggregation pathway and are engaged in the pathology of
amyloid diseases.® This highlights the importance of elucidating
high-resolution dynamics along aggregation pathways, e.g.,
aggregation dynamics at residue-specific level, for a comprehensive
understanding of the molecular basis of amyloid diseases.

Extrinsic fluorescent dyes have been commonly used for probing
conformational changes in protein self-assembly.* Recently, an
unnatural amino acid, p-cyanophenylalanine (Phecy) (Fig. 1A), has
received a great deal of attention as a usfeul spectroscopic reporter
of protein structure and dynamics,® because of the optical sensitivity
of its CN group to specific characteristics of local environment. The
fluorescence quantum yield of Phecy decreases upon dehydration,
making it a sensitive fluorescent probe of local hydrophobic
environment.>" The CN streching frequency is highly sensitive to
the electric field in its environment® and solvent polarity,” thus
making the cyano moiety also a sensitive vibrational probe.
Moreover, substitution of natural amino acids, such as Phe and Tyr,
with Phecy introduces little structural perturbation because of their
structural similarity. Recently, Phecy has been widely used as a site-
specfic spectroscopic reporter of protein folding dynamics,*" 8 but so
far it has seen very limited application of this probe in studies of
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protein self-assembly and amyloid formation.® The utility of this
probe for distinguishing local dynamics along protein aggregation
remains to be further explored.

Herein, using Phecy as a molecular probe, we clarify distinct and
residue-specific dynamics along the aggregation pathway of an Ap;.
23 peptide. AP,z is the N-terminal fragment of the AB;.4o peptide
(Fig. 1A), which is the principal component of extracellular amyloid
plaques accumulated in Alzheimer’s disease. Peptide fragments were
found to form fibrillar structures that resemble the biochemical and
structural nature of amyloids formed by much larger proteins. Thus
peptide fragments, especially from key regions of disease-related
amyloidogenic proteins, have been extensively studied for
understanding the nature of protein amyloid formation.®® This
approach reduces the complexity of the system for investigating the
detailed mechanistic dynamics of aggregation. Here, specifically, in
spite of its relatively short sequence, AP,z contains the crucial
amino acid region of APj4 including the critical central
hydrophobic cluster “LVFFA”, and to our knowledge, has not been
widely studied previously. We envision that it may represent a
valuable model molecule for both experimental and computational
studies of the mechanism(s) of protein amyloidogenesis. In addition,
all of the aromatic Tyr and Phe residues in AB;.4are present in the
APB1.p3Sequence. In the present work, Tyr10, Phel9, Phe20, and Phe4
residues in AP;,3 were substituted to Phecy, respectively, to make
four mutants AB;.,3M1-M4 (Fig. 1A).

We first investigated the aggregation of AB;.,3 via a thioflavin T
(ThT) fluorescence assay using a fluorescence plate reader. The
aggregation kinetics of Ap;.,3 display a typical sigmoidal curve
expected for amyloid formation, with a lag phase shortened upon
increase of peptide concentration (Fig. 1B). The aggregation-induced
secondary structure change from random coil to B-sheet structure
was monitored by circular dichroism (CD) spectroscopy (Fig. 1C).
The formation of amyloid fibers was further confirmed by atomic
force microscopy (AFM) imaging, with typically 7-10 nm in height
and 0.4-1.5 pm in length fibers observed (Fig. 1D). These data
illustrate that AP,,; peptide steadily aggregates presumably by a
nucleated polymerization mechanism, mimicking that of the wild
type APi.qo peptide.’! The aggregation rate of APy is also sensitive
to environmental factors such as ionic strength, pH, temperature, and
metal ions, as shown in Fig. S1-S4.
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To gain insight into the B-sheet structural properties in AP; 3
amyloids, we measured the attenuated total reflection FTIR (ATR-
FTIR) spectra of the aggregates. The amide I’ region of the spectrum
shows two characteristic bands centered at 1619 and 1683 cm™ (Fig.
S5), revealing the presence of antiparallel B-sheet structure in AB;.3
amyloid fibrils.*?
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Fig. 1 (A) Structure of Phecy and the sequence of the wild type AB;.
23 peptide and the mutants. Fcy denotes Phecy. (B) Aggregation
kinetics of AP;.,3 followed by ThT fluorescence. (C) CD spectra of
AB123 (100 uM) before and after 6 d of incubation. (D) AFM image
of the AB;.,3 amyloid, acquired after incubating AB;.,3 (100 uM) for
6 d. (E) Comparison of half time (t5o) of the aggregation Kkinetics of
AB1,3 and the three mutants (70 pM). Asterisk (*) represents P-
value > 0.05, and double-asterisk (**) represents P-value < 0.02.

Substitution of either Phe or Tyr to Phecy is expected not to have a
dramatic effect on the aggregation properties because of their
structual similarity. Indeed, our results show that the AB;.,sM1-M3
mutants all aggregate into amyloid fibrils. AB;.sM1 and Ap;.o3M3
aggregate with a slightly faster rate compared to that of the wild type
AB1.3 (Fig. 1E and Fig. S6), while a P-value of > 0.05 between the
mean tsy values of the wild type peptide and the two mutants
suggests that the difference of the aggregation rates is not significant
(Fig. 1E). In contrast, AB;.,3M2 aggregates with a noticeably slower
rate. The difference in their aggregation rates indicates the sensitivity
of aggregation kinetics of such short peptides to even minimal side
chain modification on certain residues. As shown in AFM images
(Fig. S7), AP1.2sM1 and AP;.,3M3 formed fibrillar structures like
that of native AB;.,3. AP1..3sM2 appeared to form shorter fibers,
likely due to its slower aggregation rate. In addition, the appearance
of two aggregation bands in infrared spectra of AP;,3M1-M3
suggests the formation of antiparallel B-sheet structure in the
amyloids (Fig. S5). A cross-seeding assay shows that the presence of
preformed AB..,3M1-M3 amyloid seeds significantly facilitated the
aggregation rate of the wild type AP;.,3 peptide (Fig. S8), suggesting
a compatible structural architecture of the amyloids of AB;.,3 and the
mutants. Taken together, the results suggest that Phecy mutation at
these amino acid positions does not change the fibrillar structural
characteristics dramatically, while it may affect the aggregation
energetics and therefore the kinetics of amyloid formation of AB;.,3.
Surprisingly, substitution of Phe4 to Phecy dramatically interrupts
peptide amyloidogenesis. There is negligible binding to ThT after 40
h of incubation of AB,.,3M4 (Fig. S6). No fibers were observed after
6 d of incubation (Fig. S7). The infrared spectrum of AB;.,3sM4 after
4 d of incubation shows only a broad amide I’ band at 1645 cm™,
characteristic for disordered structure (Fig. S5). These results
strongly indicate the essential role of Phe4 side chain in determining
the aggregation propensity of AB; ;3.
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Fig. 2 Time-dependent Phecy fluorescence spectra of AB;.sM1 (A),
AB1_23M2 (B), AB1_23M3 (C) and ABI-23M4 (D) peptides (100 MM)
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Fig. 3 Aggregation kinetics of AB1.3M1 (A), AB1.,3M2 (B), AB:.
23M3 (C) and AB;1.,3M4 (D) measured by Phecy fluorescence (square,
intensity at 298 nm) and ThT binding fluorescence (diamond,
intensity at 485 nm). Data are reported as means £SD of triplicate
results. The solid curves in A-C are fit of the ThT fluorescence to a
sigmoidal equation. The other dashed curves are to guide the eye.

To reveal the local conformational dynamics along the
aggregation pathway, the time-dependent Phecy fluorescence of the
mutants was monitored, with the ThT-binding fluorescence
measured in parallel. The fluorescence quantum vyield of Phecy
strongly depends on the properties of the local environment, e.g., the
hydrophobicity of the surroundings.> ** ** As seen in Fig. 2 and 3,
although the AB;.,3M1-M3 peptides all aggregate to form amyloids,
the fluorescence intensity change of Phecy is highly dependent on its
position in the primary sequence. The fluorescence intensity of
Phecn10 in AB;23M1 shows a decrease over time, which starts prior
to the onset of fibril formation, as depicted by ThT binding curve
(Fig. 2A and 3A). The Phecy19 fluorescence intensity of AB;.osM2
also decreases over time (Fig. 2B and 3B). Interestingly, for AB;.
23M3, the fluorescence intensity decreases in the first 30 h of
incubation, overlapping largely with the ThT lag phase, and is then
followed by a pronounced emission increase phase with time (Fig.
2C and 3C), which is virtually coincident with the late growth phase
of fibril formation. This transition is reproducible in our
experiments. The fluorescence intensity of the Phecy4 residue in
AP1.,3M4 remains almost constant during the experimental period
(Fig. 2D and 3D) and is consistent with its aforementioned weak
aggregation propensity.

The site-specific assessment of AB;.,; aggregation demonstrates
distinct local dynamics during its aggregation process. For instance,
the adjacent residues, Phel9 and Phe20, experience different
environmental changes as time progresses. The decrease in
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fluorescence intensity of Phecy in the AB;,3sM2 and M3 mutants
starts prior to the onset of fibril formation. Accordingly, we
reasonably speculate that the central hydrophobic core “LVFFA”
(residues 17-21), crucial for the formation and stabilization of
fibrillar structure of AP1.40/AP1s2,>* also plays an essential role in the
formation of the nucleating intermediates of AB;.,3. The formation of
the nucleus likely favors a conformation wherein the Phel9 and
Phe20 residues at this region are embedded in hydrophobic clusters,
resulting in the Phecy fluorescence drop. A presumed subsequent
nucleated conformational conversion process,’® followed by
elongation to form ordered antiparallel B-sheet structure, may place
the Phe20 residue in a much less hydrophobic environment. This is
indicated by the pronounced increase of the Phecy20 fluorescence
intensity (Fig. 3C). On the basis of the experimental results, a
preliminary plausible aggregation model of AB;.,3 is proposed in
Fig. 4, and a favorable antiparallel alignment of B-sheet in fibrils is
represented. Future experiments using high resolution techniques,
such as NMR, will be expected to directly test and validate the f3-
sheet strucuture proposed in this model. Here, as proposed in this
model, the mature fibrils are composed of in-register B-strands that
flip over and pack with a neighboring molecular unit in an
antiparallel orientation. The Phe20 residue, in this structure, is
located in a highly polar environment, surrounded by Aspl, Glu3,
and Arg5 residues from the adjacent strands (Fig. 4). This possibly
favors its hydration and hydrogen bond formation, which would
account for the increase in the Phecy20 fluorescence at the late phase
of peptide aggregation.> 18
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Fig. 4 A schematic representation of the AB;.,; aggregation process
and a proposed antiparallel packing topology between adjacent in-
register B-strands in fibrils. The proposed perturbation of the Phel19-
Phe4 aromatic interaction caused by substitution of Phe4 with
Phecn4 residue is illustrated in the box.

The side chain of Phel9 is placed on the opposite side of the plane
of the in-register B-strands in fibrils, in contrast to the adjacent
Phe20 residue. The intensity of Phecy19 in ABy.,3M2 gradually
decreases with time until mature fibrils form (Fig. 3B), suggesting a
putative gradual transfer of the residue from a polar and solvent
accessible environment to a more hydrophobic environment during
aggregation. In the fibrillar structure, this residue is likely
surrounded by a local nonpolar environment formed by the Leul?
and Ala2l residues on the same strand, and the Ala2 and Phe4
residues from the adjacent strands (Fig. 4).

To further verify the local conformational differences of the
residues at amino acid positions 19 and 20, we performed Raman
spectroscopy on the ABi,3sM2 and AB;,3M3 mutants. The CN
stretching band is strongly dependent on the polarity of its
environment.” *® For example, in H,0, the CN stretching vibrational
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band of Phecy, is centered at ~2237 cm’®, whereas this band shifts to
~2229 cm™ in less polar solvents.” ®® Here, we employed the drop
coating deposition Raman method, which provides high detection
sensitivity while the peptide sample remains partially hydrated and
largely retains its solution structure.'’” As shown in Fig. 5, the CN
band of freshly prepared AB1.,3M2 and AB;.,3M3 is centered at 2237
cm™. This is similar to what was observed for the aqueous solutions
of the free Phecy amino acid and Phecy-substituted mastoparan X
peptide.’®® This suggests that the Phecyl19 in AB1,3M2 and the
Phecn20 in AB1,3M3 are both well exposed to the solvent in a
freshly prepared peptide solution. After three days of incubation,
AB1.sM2 exhibits a strong CN stretching band peaking at 2229 cm™
(Fig. 5). The significant peak shift of 8 cm™ to a lower wavenumber
upon aggregation suggests a shift to a more hydrophobic and less
solvent accessible environment for the CN probe in the fibrillar
structure.’® In contrast, the CN band of the AB;.,3M3 aggregates
appears at a higher frequency of 2235 cm™. There is only a 2 cm™
red shift of the peak upon aggregation, much less than that of AB;.
23M2. This clearly demonstrates a much more polar local
environment of Phecy20 in fibrils in comparison to the Phecy19
residue. The Raman results further corroborate our fluorescent
results, strongly indicating distinct local environment changes of
these two adjacent residues over the course of peptide aggregation.

e Freshly prepared sample
"""" Sample after 3 d incubation|

AB, 2sM1

Normalized Raman Intensity

e \ ARy 2M3

2230 2250
Wavenumber (cm™')

2210 2270

Fig. 5 Raman spectra of AB;,3M1-M3 before and after being
incubated for 3 d. The samples (2 mM) were incubated in 50 mM
phosphate buffer of pH 7.4 at 25 °C. The vertical dashed lines
indicate Raman wavenumbers at 2229 and 2237 cm™, respectively.

The remarkable disruption of fibril formation by replacing Phe4 to
Phecy indicates the critical role of the Phe4 side chain in the
formation of cross-p-sheet structure of fibrils, in accord with our
proposed model. As depicted in Fig. 4, Phe4 and Phel9 from the
adjacent intermolecular strands are on the same side of the plane of
in-register B-strands and in close proximity to interact with each
other. More specifically, on the basis of the strong perturbing effect
of the CN group in Phecyn4, we reasonably speculate the formation of
a T-shaped edge-to-face aromatic interaction between these two
residues (Fig. 4). Interactions of the aromatic residues could provide
an energetic contribution as well as directionality and orientation
that are facilitated by the restricted geometry of the planar aromatic
ring,® 18 thus contributing to the stabilization of B-sheets. The
presence of the para-CN group on the side chain of Phecy4
derivative induces a van der Waal’s repulsion which is energetically
unfavorable as the CN group in Phecy4 directly faces the center of
Phe19 (Fig. 4).° Moreover, the addition of a para-CN at Phe4 leads
to a potential steric hindrance which also interferes with the Phe4-
Phel9 interaction. These facts should account for the significantly
decreased aggregation propensity of AB;,3sM4. Substitution of
Phel19 with Phecy in AB;.,3M2 also slows down the aggregation rate,
which corroborates our hypothesis. In this case, the CN group in
Phecn19 would be oriented away from Phe4, which minimizes the
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steric component, unlike in ABj.,3M4. Therefore, AB;,3M2 still
aggregates, but with a slower speed compared to the wild type AB;.
23. These results are in agreement with previous reports that the
presence of an electron-withdrawing CN group on the facial ring of
edge-to-face  benzenes increases interaction energies, thus
destabilizing the aromatic stacking.?

The fast decrease of Phecy10 fluorescence in ABy.,3M1 suggests
that other hydrophobic residues, e.g., the “SGY” (residues 8-10)
region, may also contribute to the early oligomerization process.
Upon the formation of amyloids, there is a ~ 70% drop of the initial
Phecy fluorescence intensity. This most significant drop might be
because of the tight packing of the central residual region in
oligomers and fibrils, thus minimizing the solvent accessibility. In
Raman spectroscopy studies, a clear peak at 2237 cm™ was not
observable for the AB;,3M1 fresh sample; instead we observed a
lower frequency CN stretching band centered at 2229 cm™ (Fig. 5).
The band position shows almost no change after three days of
incubation. This suggests that the residue at position 10 is quickly
sequestered in a less solvent accessible environment, possibly due to
the fast aggregation rate of AB1.,3M1 at a high concentration regime.
Finally, we observed that the Phecy10 steady state fluorescence
anisotropy increases upon aggregation of AB;.,sM1 (Fig. S9). In
addition, the average lifetime of Phecy10 residue in AB;.,3M1 also
increases from ~ 3.39 ns to ~ 4.36 ns upon aggregation (Fig. S10). A
triple-exponential function is used to satisfactorily fit the
fluorescence decay of the samples. This possibly indicates the
heterogeneity of the microenvironment of the residue.>% 3

In conclusion, we have characterized distinct site-specific
dynamics of APi,3 amyloidogenesis using Phecy as both a
fluorescent and Raman probe. Our results demonstrate that the
Phel19 and Phe20 residues are both embedded in a hydrophobic core
environment in oligomeric intermediates, whereas the subsequent
conformational rearrangement of the strands toward fibril formation
places Phe20 in a more polar environment, in comparison to that of
Phel9. Furthermore, our results indicate the critical role of an edge-
to-face aromatic interaction between the Phe4 and Phel9 residues on
the adjacent in-register B-strands in facilitating the self-assembly and
stabilizing the fibrillar structure. The residual alignment in the
antiparallel B-sheet pattern is also proposed on the basis of the Phecy
probing results. In light of the high sensitivity and fast time
resolution of the Phecy optical probe, we envision that this approach,
in combination with other methods including molecular dynamics
simulation, will be valuable for illuminating local mechanistic
details of oligomerization and fibrillization of a variety of de novo
designed or directly disease-related amyloidogenic proteins.
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Using an unnatural amino acid p-cyanophenylalanine as a both
fluorescent and Raman probe, we characterized distinct local
environmental changes of specific residues along the aggregation
pathway of APi1.,3, and inferred a critical edge-to-face aromatic interaction
for forming and stabilizing B-sheet structure.
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