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Abstract

The rate of reconfiguration—or intramolecular diffusion—of monomeric Alzheimer (AB) peptides
is measured and, under conditions that aggregation is more likely, peptide diffusion slows down
significantly, which allows bimolecular associations to be initiated. By using the method of Trp-
Cys contact quenching, the rate of reconfiguration is observed to be about five times faster for
ABa4o, Which aggregates slowly, than that for Ap4o, which aggregates quickly. Furthermore, the
rate of reconfiguration for AB4, speeds up at higher pH, which slows aggregation, and in the
presence of the aggregation inhibitor curcumin. The measured reconfiguration rates are able to
predict the early aggregation behavior of the Af peptide and provide a kinetic basis for why AB4»
is more prone to aggregation than AB4g, despite a difference of only two amino acids.

Measuring aggregates

Trp—Cys contact quenching is used to measure the rate of reconfiguration of monomeric
Alzheimer (AB) peptides. The measured reconfiguration rates are able to predict the early
aggregation behavior of the AP peptide and provide a Kinetic basis for why AB4» is more prone to
aggregation than AB4o, despite a difference of only two amino acids (see figure).
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1. Introduction

Aggregation of proteins is the underlying cause of a large and growing number of
degenerative and chronic diseases.[!] For example, Alzheimer’s disease affects 1 in 9 people
over 65[2] and is characterized by neuronal cell death and dementia apparently caused, at
least in part, by aggregation of AB peptide, a cleavage product of amyloid beta precursor
protein (APP).I3] Virtually all proteins can be induced to aggregate in vitro, but the rate of
aggregation and deviation from physiological conditions varies widely.l4l Thus, an obvious
question is why some proteins, such as AB, are more prone to aggregation than others? It has
also been observed that for many proteins aggregation initiates from a monomeric, unfolded,
or partially unfolded conformation.[!: I Therefore, information about whether a sequence
will aggregate must be embedded within the ensemble of freely diffusing unfolded states.

However, it is extremely difficult to characterize the unfolded ensemble of a monomeric
protein, which would typically comprise of rapidly (*microsecond timescale) fluctuating
populations of interconverting conformations. The consensus of NMR spectroscopy and
circular dichroism (CD) studies is that Ap should be classified as disordered, although it is
not a true random coil.[8] Recently, Rosenman et al. constrained molecular dynamics (MD)
simulations with NMR spectroscopy measurements of Jcoupling constants.[”l When the
simulation data was clustered, the most common cluster was less than 5% of the entire
population. Different MD simulations have found a broad ensemble of structures. Lin et al.
created a free energy landscape from MD simulations and found no well-separated basins
within the entire ensemble.[8] A recent simulation by Barz et al. showed that there were no
large conformational changes prior to or during the first step of aggregation: the formation
of a dimer.[®] Taken together, these observations suggest a highly diffusive ensemble of
largely unstructured states, none of which are very stable or can be defined as the structural
precursor of aggregation. Thus, aggregation must be understood in terms of dynamics rather
than structure.

Proteolytic cleavage of the APP protein releases various isoforms of Ap peptide in humans,
of which the two most abundant are AB,4, and ABgg, with a ratio of 1:9 in the brain.[10]
Although the two isoforms differ by only two amino acids, they vary significantly in their
aggregation behavior.[11] Under physiological conditions, the critical concentration of ABa,
is five times lower than that of ABao.[12] Fibril formation of AR takes several hours,
whereas ABg, forms fibrils within minutes.[13] AB,, is also much more neurotoxic and
reportedly causes more oxidative damage than AB..[13 14] Despite structural conservation
observed by a wide range of NMR spectroscopy studies,[ 62 151 the difference between the
two isoforms is not yet fully understood.

Herein, we show that ARy reconfigures five times slower than AB4g, which causes Apy; to
make stable bimolecular contacts more easily than AB4g. Moreover, our results indicate that
the conditions which rescue the protein from aggregation speed up reconfiguration, and
hence, lower the chances of early-stage aggregation. Using a previously reported
aggregation model,[16] our measured reconfiguration rates accurately predict the early
aggregation kinetics of the AP peptide. Hence, this work may provide a novel approach
towards therapeutic development for Alzheimer’s disease and, as shown herein, can be used
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to test whether a small-molecule inhibitor is able to arrest aggregation early on. The major
challenge associated with treating neurodegenerative diseases is diagnosing them early
enough for therapeutic interventions to take effect. Most in vitro screening techniques are
based on testing inhibitors for their ability to prevent late-stage aggregates, such as fibrils or
higher order oligomers. However, aggregates as small as a di- or trimer can be neurotoxic
and have been observed to cause memory deficits in the transgenic mouse model.[17]
Therefore, we believe that this technique, which probes the early stages of aggregation, can
become a valuable assay to identify drug candidates for Alzheimer’s disease.

2. Results and Discussion

2.1. Choice of Mutation Sites

To measure reconfiguration of the Ap peptide, we used the method of Trp—Cys contact
quenching, in which a Trp is transiently excited to a long-lived triplet state that is quenched
upon contact with Cys.[18] The measurements described herein require one Trp and one Cys
within the same sequence less than about 30 residues apart, such that a loop between them is
made between 100 ns and 20 ps.[*8] We created two mutants that spanned 71% of the
sequence by mutating F19W and either FAC or M35C (Figure 1a). These sites were chosen
because Phe and Met are similar in hydrophobicity to Cys and these amino acids, along with
Trp, are not charged. Met and Cys both contain a sulfur atom that can be oxidized, which
has been previously reported to be a common problem associated with wild-type (wt) AR
purification;[23c] MALDI results performed after purification confirmed the absence of any
such oxidation. As shown in Figure 1, these mutations have moderate effects on the
prediction of amyloid formation by the Tangol[1®] and Zyggregator[20] algorithms, but these
predictions do not completely agree with each other. Tango predicts slightly less propensity
to form amyloid between residues 17-21 for the F19W mutation, but no change near the Cys
mutations. In contrast, Zyggregator predicts no change near residue 19, but a decrease in
propensity due to the FAC mutation and an increase in propensity due to the M35C mutation.
Each of these effects is about 20-30 %. Zyggregator can also predict the propensity to form
toxic oligomers. The overall pattern for oligomers is very similar to the amyloid prediction,
as are the differences due to mutations (see Figure 1c). Not all positions are similarly
conservative, as seen in Figure 1d and e, particularly for sites near F4.

Thioflavin T (ThT) data of the wt and mutant peptides are plotted in Figure 2a and b. The
effect of the mutation on A4, amyloid formation, as measured by ThT fluorescence, is
minimal. Surprisingly, although the wt A4 peptide exhibits kinetics that are two to three
times slower than those of Ap4», neither of the Ap4o mutants exhibit any rise in ThT
fluorescence. This indicates that fibrillization is either delayed or completely wiped out,
which suggests that the fibrillization pathways for ABsg and Apg» are different and the
F19W mutation prevents fibrillization along the A4 pathway. However, this result does not
imply that the early aggregation steps are altered, as observed for a-synuclein.[21]1 CD
spectra of freshly dissolved monomers in Figure 2c show minimal differences between the
wt and mutants before aggregation. CD spectra were also collected for the Ap4g peptides
after 12 h under the same conditions as those used for the ThT fluorescence experiments
(Figure 2e). The wt sequence shows evidence of the P structure, whereas the mutants are
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random coil. This data further corroborates the ThT measurements. Finally, AFM images
(Figure 2f) show that oligomers formed after 12 h under aggregation conditions for all Ap4g
peptides. The size and shape of oligomers suggest that the first stage of aggregation is not
substantially altered by the mutations.

CD spectra were also collected on samples prepared for the Trp—Cys experiment (Figure
2d). These spectra are unchanged with the addition of 30% sucrose and from before to after
the Trp-Cys experiment. Altogether these data indicate that both AB4g and A4z peptides
are monomeric while measuring intramolecular diffusion and the addition of Trp and Cys do
not substantially alter the monomeric conformational ensemble.

2.2. Measurement of Intramolecular Diffusion

Herein, we measured intramolecular diffusion of the AR peptide by using the technique of
Trp—Cys contact quenching. Based on the scheme in Figure 3a, the observed Trp triplet rate
is given by Equation (1):[22]

kp,q
ko +a (1)

kobs =

Typical Kinetics of the Trp triplet state are shown in Figure 3b. This data requires a fit to
three decays over the time range of 100 ns to 10 ms. The slowest decay consists of
photophysical and optical artifacts seen in all Trp triplet kinetics.l18] The fastest decay (~1
us) represents the monomer population undergoing rapid intramolecular diffusion. The
intermediate decay has an amplitude smaller than the fast decay and a lifetime (20 ps) that
is slightly shorter than that observed for the Trp triplet in the absence of any Cys. Therefore,
the intermediate decay represents a population in which Trp19 does not undergo rapid
intramolecular contact with Cys. This intermediate phase has been observed previously for
proteins that fold under conditions in which the folded and unfolded populations coexist.[23]
Since AP does not fold, this population is likely to consist of small oligomers in which Trp
motion is constrained. It is unlikely to be due to a transient folded structure, the amplitude of
which would change with temperature. The amplitude also does not change significantly
with time; therefore, oligomers are not forming during the measurement. Instead, the
oligomers are the result of imperfect monomerization during initial sample preparation.
Thus, we report the fastest rate as ks, Which represents the population of rapidly diffusing
monomers.

Equation (1) can be rewritten as a triplet lifetime [Eq. (2)]:

L _dky 1 L1
kObS kD+ kD+ kR, (T) kD+ (T7 7}) (2)

in which a reaction-limited (AR) rate depends only on temperature and the diffusion-limited
(kp+) rate depends on both temperature and viscosity (7) of the solution. Therefore, this
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measurement gives information about the probability of intramolecular contacts and the
intramolecular diffusion coefficient.

The kg and Ap+ values in Equation (2) can be determined by measuring the Trp lifetime at
different temperatures and viscosities, as shown in Figure 3c, from which the reaction-
limited rates are determined from the intercept and the diffusion-limited rates are determined
from the slope of these lines.[22] These rates are plotted in Figure 4a and b for various
temperatures, solvent conditions, and both loops. The error bars represent the error in the
linear fits.

Using Szabo, Schulten, and Schulten theory, we can model the polymer motion as diffusion
on a 1D potential and relate the measured values to a probability distribution of Trp—Cys
distance [A(A] and an intramolecular diffusion coefficient, D [Egs. (3) and (4)](22]

ko=l 0 Y (g

= p Py L) k) Pade

D+

in which £ is the contour length of the protein and d,,=4 A is the distance of closest
approach. The Trp quenching rate, g(r), has been experimentally determined and is very
short range.[?4] Thus, Equation (3) is only sensitive to the shortest distances of A/ (4<r<8
A).

We use Equation (3)[2°] to determine the best probability distribution [A(A] to match the
measured reaction-limited rates, which then determines an effective intramolecular diffusion
coefficient, D.

Determination of an appropriate A() is crucial for this analysis, but because the reaction-
limited rate is a convolution of the distribution with g(»), it is difficult to definitively
determine A(r). The Experimental Section describes two methods of calculating A(7): a
simple Gaussian distribution and an energy reweighted WLC distribution.[28] The latter is
likely to be more realistic, as shown by the average Trp—Cys distances in Figure 4c and
Table 1.

From an appropriate Ar) and the measured Ap4+ we can calculate D. Determining the error
in each Ddirectly is difficult because it depends on a convolution of ¢(7) and A7), but
because Dis directly proportional to Ap+ the proportional errors in D should be comparable
to those of Ap.+, about 10%. Both models produce diffusion coefficients within a factor of
two of each other, which suggests a conservative estimate of uncertainty in D. Figure 4d
shows the diffusion coefficients of different loops as a function of temperature and for
different solution conditions. Interestingly, there is little change in diffusion with
temperature, which implies that there are no large energy barriers between subpopulations in
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the ensemble. In contrast, the reported strong temperature dependence of fibril formation
suggests a large energetic barrier for fibrillization.[27]

Figure 4c compares the average intramolecular distances, {7) = I rZ(Aadr, between Trp and
Cys for different mutants and different pH values for AB4o and AB4g. There are insignificant
differences between the two mutants for both Ap4g and Ap42, which suggests that the
observed trends are global phenomena for the entire peptide. For AP, the Trp—Cys distance
increases by about 10% when the pH is increased to about the same distance as that
observed for Apgo.

AB4o was also investigated in the presence of an equimolar concentration of curcumin; a
known aggregation inhibitor.[28] The results are also shown in Figure 4. Previous work on a-
synuclein with curcumin showed that the observed rates decreased, even though free
curcumin actually acted as a quencher of free Trp and increased Agps.[2] The same effect is
observed with AB, which indicates that curcumin strongly binds to the monomer, preventing
direct quenching of Trp. The reaction-limited rates are lower and the average intramolecular
distance is higher, similar to observations of AB4, at pH 10.

Figure 4d provides a comparison of the intramolecular diffusion coefficients. Because D
depends on measurements of both A and Ap., it varies differently with sequence and
conditions than {r). Our results show that for AB4q at pH 7.5, AB4» at pH 10.0, and Ay, at
pH 7.5 with curcumin, diffusion is similarly fast, about 1-2x1076 cm? s71, whereas Apy4; at
pH 7.5 is factor of 5 slower at 30—40 °C. Notably, these differences are much bigger than the
differences observed for {r). The faster diffusion coefficients are similar to those measured
for unstructured peptides and proteins in high denaturant,[18: 23¢] whereas the slower
coefficients are similar to that measured for a-synuclein under aggregation-prone
conditions.[301

The experimental results clearly show an anticorrelation between aggregation propensity and
intramolecular diffusion, such that diffusion is slower for conditions that favor aggregation.
This relationship holds for changes in pH, peptide length, and the addition of a small-
molecule inhibitor. Measurement of intramolecular diffusion has never been reported for the
AP peptide, but available structural evidence supports our conclusions about the relative
intramolecular distances for different sequences and solution conditions. A comparison
between intramolecular contact maps of A4, and AP4g based on previously reported MD
simulations has revealed that the two additional hydrophobic residues at the AB4, C
terminus, lle41 and Ala42, significantly increase contacts within the C terminus and also
between the C terminus and the central hydrophobic cluster, Leu17-Ala21.[15¢]

Additionally, Tyr10 in AB4» contacts residues 13-32 more frequently than AB4g.131] Another
MD simulation study has revealed many more close interactions between residues 25-37
and 1220 for AB,, compared with AByg, as per reported contact maps.[32] This result
further supports the hypothesis that stronger C-terminus interactions between 39-40 and 41—
42 residues of ARy, allows the rest of the residues in the hydrophobic patch (residues 29-39)
to form interactions with other residues distant in sequence. Increased intramolecular contact
frequencies in the Ap4, sequence could be responsible for the measured compaction of the
protein chain (Figure 4c). In another analysis of MD trajectories of AP in explicit water,
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nonlocal backbone hydrogen bonds between residues 16-17 and 39-41 were observed being
formed, decreasing the number of water molecules around those residues and possibly
leading to compaction.[33] Due to such nonlocal backbone contacts being formed, those
regions may become inaccessible to hydrogen bonding with water, facilitating
intermolecular side-chain interactions, which could initiate aggregation in the AR, peptide.

Previous studies also supported the difference in intramolecular diffusion between AB4, and
ABag. MD simulations[8d: 15¢ and NMR spectroscopy studies(®c] have reported that the C
terminus of AR, is more structured than that of ABg4p. It has been hypothesized that the
formation of a B-hairpin in the sequence IGLMVGGVVIA, involving short strands at
residues 31-34 and 38-41, reduces the C-terminal flexibility of AR, peptide, which could
lead to slow intramolecular diffusion. However, Ball et al. concluded it was mostly
attributable to transient hydrophobic contacts,[25¢1 which would also naturally slow diffusion
of peptide.

By comparing the differences in pH, Bhowmik et al. showed that there was no change in
helix content over the pH range 5.5 to 10.5,[34] but this might be expected because the
ensemble was already highly disordered. Rather, the increase in chain size and diffusivity for
AB4o from pH 7.5 to 10 is likely to be due to a change in the net charge and distribution of
charges because of deprotonation of Lys16 and Lys28, as well as the additional negative
charge on Tyr10. Because the net charge of the AR sequence increases at higher pH, the
sequence becomes increasingly disordered due to charge—charge repulsions. This could lead
to an increase in the intramolecular diffusion coefficient of A4, at higher pH. At pH 7.5,
diffusion is similarly fast when AP, is bound in a 1:1 ratio with curcumin; a known
aggregation inhibitor of A fibrils.[28] The aromatic rings of curcumin are likely to bind to
aromatic residues at sequence positions 4, 10, 19, and 20.13%] These binding events may
disrupt interactions of these hydrophobic residues with other hydrophobic groups far in
sequence, leading to a larger chain size and release of long-range contacts, which could lead
to an increase in diffusivity. Ahmad and Lapidus reported a similar effect of curcumin on a-
synuclein,[291 and Acharya et al. showed that a molecular tweezer made a-synuclein bigger
by making local electrostatic interactions more likely than nonlocal interactions.[3¢]

The anticorrelation of aggregation propensity and intramolecular diffusion is consistent with
a previously reported kinetic model,[16] presented in the Supporting Information, that relates
the formation of the dimer to competition between bimolecular diffusion and intramolecular
diffusion. Two monomers may interact by bimolecular diffusion, forming an encounter
complex. When two aggregation-prone conformations are in close contact, they may form a
relatively long-lived encounter complex that would eventually lead to a stable oligomer. But
if intramolecular diffusion is sufficiently fast, the complex comes apart because one or both
can reconfigure to an aggregation-incompetent conformation. The assumptions of the model
are discussed in detail in the Supporting Information, as are estimates of the reconfiguration
rates for AP4o and AByo. Figure S1 in the Supporting Information shows that, if all other
rates are kept the same, the oligomerization rates for AB,q are about fourfold slower than
that of Ap4o. This correlates to the approximately five times higher concentration required
for A4 to aggregate in the same lag time as ABap,[13d 37] because 4y; is directly
proportional to concentration. This conclusion is further supported by another reported
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measurement of dimer formation by using single-molecule force spectroscopy. The lifetimes
of dimers were measured to be 0.46 s for AB4» and 0.1 s for AB4g, which was commensurate
with the 5 times difference in reconfiguration.[ 38

3. Conclusion

These results showed that kinetic competition between monomer reconfiguration and
bimolecular association controlled the first step in aggregation, and thus, monomeric
reconfiguration was a crucial determinant of aggregation propensity. This was a general
result. Given any sequence, the reconfiguration rate of which has been measured, early
aggregation kinetics might be predicted by using this method. Because it is difficult to
understand early aggregation, such as dimer formation in terms of structure, a kinetic
approach such as this may be useful in the characterization of aggregation behavior of any
protein. Furthermore, we showed that a small molecule, such as curcumin, could
significantly speed up monomer reconfiguration of the readily aggregating Ap4», and hence,
prevent dimer formation. Because it has been shown that the oligomeric dimer is a toxic
species and may induce early Alzheimer’s disease associated symptoms in transgenic mouse
models,[17] this work presents a unique approach directed towards arresting aggregation
right at the start. This aggregation model can serve as a basis for finding ways to prevent
Alzheimer’s disease from occurring or progressing.

Experimental Section

Peptide Expression and Purification—The fusion construct AR plasmids were a kind
gift by Dr. Rudi Glockshuber, from ETH Zurich. The fusion construct consisted mainly of a
soluble polypeptide segment comprising 19 repeats of the tetrapeptide sequence NANP, a
solubilizing A fusion partner, followed by the tobacco etch virus (TEV) protease
recognition sequence ENLYFQID (the arrow indicates the cleavage site) followed by the A
sequence.[13¢]

Two different Trp/Cys pair containing Aps» and Ap4o mutants were created by using the
QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA, USA) and DNA
sequencing was used to ensure the presence of the desired mutations. The sequenced wt and
mutant plasmids were then extracted from the XL1 blue competent cells and transformed
into Escherichia coliBL21 (DE3) cells and plated out in LB-agar plates containing 100
pgmL~1 ampicillin.

E. coliBL21 (DES3) cells bearing the corresponding plasmid for expressing the A fusion
construct were first grown in 5 mL tube cultures of LB media containing 100 pgmL™1
ampicillin, while being shaken at 37°C at 220 rpm for 4 h. It was then transferredto 1 L LB
media flasks (ampicillin concentration 100 pgmL™1) and was shaken overnight at 37 °C at
150 rpm. Protein expression was induced after 16 h by addition of filtered 1 mM isopropyl-
B-D-thiogalacoside (IPTG) and then the flasks were shaken for a further 4 h in 37°C at 150
rpm. The cells were then harvested by centrifugation at 4000 rpm for 20 min (rotor
SLA-1500). The pellets formed were resuspended in Ap lysis buffer [20 mM Tris, 6M
guanidinium hydrochloride (GdnHCI), pH 8.0], sonicated, and then stirred at 4°C for 90
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min. The cell debris was then removed by centrifugation (19 000 rpm in rotor SS-34) at 4 °C
for 1 h.

The supernatant was subjected to an affinity purification step because the fusion construct
contained a His tag. Ni-NTA agarose column (Nickel charged resins by Qiagen) was first
equilibrated with five column volumes of A equilibration buffer (20 mM Tris, 10 mM
imidazole, 6M GdnHCI, pH 8.0) after which the supernatant was loaded and incubated with
gentle shaking at 4°C for 1 h to enable binding of the His-tagged fusion protein to the nickel
column. Following binding, the nickel resins containing the bound protein were resuspended
in five column volumes of wash buffer (20 mM Tris, 20 mM imidazole, 6M GdnHCI, pH
8.0) and gently shaken at 4°C for 30 min to remove unbound bacterial protein. The washing
step was repeated at least two to three times, until all unbound proteins were washed away,
and the supernatants were discarded each time. Finally, the nickel resins containing mostly
fusion protein were resuspended in two column volumes of elution buffer (20 mM Tris, 250
mM imidazole, 6M GdnHCI, pH 8.0) and gently shaken at 4°C for 1 h, following which the
supernatant containing eluted fusion protein was collected and stored at —20°C until further
use. The elution step could be repeated until all fusion protein had been recovered.

The fusion proteins from the previous step were filtered and loaded into an Agilent Zorbax
SB300 C8 semipreparative HPLC column in 10% (v/v) acetonitrile containing 0.1%
trifluoroacetic acid (TFA) at a flow rate of 1 mLmin~1. The sample injection loop was
washed many times at the same acetonitrile gradient to ensure that all fusion protein
gradually bound to the column and all unbound proteins eluted, before the acetonitrile
gradient was increased. Because of the high hydrophobicity of Ap, HPLC purifications were
performed at 60 °C to enable better yield. Once the protein bound to the column, the
acetonitrile gradient was gradually increased, along with the flow rate, resulting in the
elution of A fusion protein at 40% acetonitrile and 0.1% TFA, at 60°C and a flow rate of 2
mLmin~L. The fusion protein was collected and lyophilized, and then stored at —20°C.

The ProTEV Plus enzyme, which was a 48 kDa, improved version of the TEV protease
(more stable in terms of enzymatic activity), was purchased from Promega (catalog
#V6101). It was reported to be a highly specific proteolytic enzyme that cleaved at the
position shown by the arrow, ENLYFQID; thus liberating A the first residue of which was
D. The lyophilized Ap fusion protein was directly dissolved in the A cleavage buffer [10
mM Tris, 0.5 mM ethylenediaminetetraacetic acid (EDTA), pH 8.0] and the cleavage
reaction was performed in the presence of 1 mM dithiothreitol (DTT) at 4°C with 16 h
incubation. Approximately 20 pg of fusion was cleaved by using five units of the enzyme (1
uL of 5 units/uL enzyme) following the protocol provided by Promega. DTT was added to
prevent methionine oxidation/Cys disulfide bond formation at position 35 reported
previously as a potential problem arising during purification.[23¢] As soon as Ap was
cleaved, it began aggregating; at the end of the 16 h incubation period, all aggregated A
was sedimented by centrifugation (rotor F13S14X50Cy, 11000 rpm for 30 min) and then
resuspended in 70% (w/w) formic acid, filtered, and immediately subjected to reverse-phase
HPLC (RP-HPLC). The peptide was loaded into an Agilent Zorbax SB300 C8
semipreparative HPLC column in 10% (v/v) acetonitrile and 0.1% TFA at flow rate of 1
mLmin~L. Following rounds of washing of the sample loop, the acetonitrile gradient was
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increased the same way as before. The fusion partner, which was more hydrophilic, eluted
first followed by the AP peptide at 40% acetonitrile and 0.1% TFA, at 60°C and a flow rate
of 2 mLmin~L. It was collected, lyophilized, and stored at —20°C. The identity of the peptide
was confirmed by ESI-MS.

Monomerization Protocol—To ensure that AR peptide was monomeric for every
experiment, the lyophilized peptide was dissolved in 2-10 mM NaOH, sonicated for 2 min,
filtered through a 0.2 pum syringe filter, and lyophilized for further use.[13¢] Resuspension of
AP peptide at pH>10 helped to ensure that the starting condition of the AP peptide was a
random coil in a conformation confirmed by CD.

ThT Fluorescence Measurements—The ThT fluorescence experiment was performed
according to the protocol previously reported.[13¢] Monomerized A peptide in lyophilized
form was resuspended into 10 mM NaOH until a concentration of roughly 100-200 uM was
achieved, as measured by A,go absorbance (wt e559=1730 M~ cm=1 F4C, F19W, M35C,
and F19W mutants e550=6990 M ~1 cm™1). The solution was further diluted by using 10
mM NaOH, which was kept on ice, to a concentration of around 80 uM and immediately
used for ThT fluorescence experiments. The reaction mixture for the aggregation experiment
was mixed in a 1 cm path length quartz cuvette comprised of monomerized 80 uM A stock
solution (100 pL), 20 mM sodium phosphate buffer (750 pL, pH 7.4), 10 mM HCI (100 pL),
5M NaCl (20 L), 2.5 mM ThT (20 uL), and 100 mM tris(2-carboxyethyl)-phosphine
(TCEP; 10 pL). The final protein concentration was 8 pM. The mixture was stirred
continuously at 37°C and its fluorescence was recorded every 3 and 10 min for
approximately 30 s for AB4p and A4 mutants, respectively (excitation: 1=440 nm,
emission: 1=482 nm) by using a PTI QW4 spectrofluorometer equipped with a temperature-
controlled cell holder. Immediately prior to recording each reading, the cuvette was inverted
about five times for homogenous suspension of fibrils.

The ThT fluorescence kinetics for AR, were fitted to a sigmoid function [Eq. (5)]:

B A
y= <1+e_(t—tl/2)/r)

®)

in which A was the final amplitude of the ThT fluorescence, #,, was the time the sigmoid
reached 50% of the maximum amplitude, and z was the rise time. The lag time was defined
as fi;-2zand the aggregation rate as Ayqg=1/z. The fits of each measurement are shown in
Table 2.

CD Measurements—CD measurements were performed in an Applied Photophysics
Chirascan spectropolarimeter, with a 1 mm path length cell. The time per point was about
2.5 s and the bandwidth was fixed at 1 nm. To look at the secondary structure of monomers,
lyophilized Ap4, was resuspended in 10 mM NaOH, filtered, and diluted 20 times into 20—
25 mM sodium phosphate buffer (pH 7.5, kept in ice) to yield a final protein concentration
of about 5 uM. The dead time between dissolving the peptide and data collection was 10
min. Other measurements were conducted as described for ThT or Trp—Cys measurements.
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AFM—AFM on the AP4o peptides was performed by using a Cypher S, Asylum, research
instrument. Samples were prepared by adsorbing 20 uL of the Ap4o peptides (incubated for
12 h under aggregation conditions) onto freshly cleaved mica for 30 min. The salts and
excess fluid from the mica surface were removed and dried overnight. Samples were imaged
by using a high-precision silicon tip for ac mode imaging in air.

Trp—Cys Quenching Measurements—For this experiment, lyophilized A was
resuspended into 10 mM NaOH, filtered, and diluted into 20-25 mM sodium phosphate
buffer (pH 7.5) containing 1 mM TCEP (to prevent disulfide bond formation) and various
sucrose concentrations (0, 10, 20, and 30% w/w) in an ice bucket. The final concentration of
the mutant proteins was kept fixed at 30 uM for each set of temperature and viscosity
measurements. The buffer, sucrose, and TCEP solutions were bubbled with N,O for 1 h
prior to dilution of the peptide to eliminate oxygen and scavenge solvated electrons created
in the UV laser pulse.

The instrument to measure the Trp triplet lifetime has been described previously.[18: 23¢]
Briefly, the Trp triplet was populated simultaneously with the singlet state through a UV
pulse of light. The triplet-state population was monitored by optical absorption at =450 nm
(improving on previous measurements, the probe light was provided by a 500 mW diode
laser). The decay in optical absorption was detected by a silicon diode, compared with a
reference beam, amplified 50%, and recorded on two digital oscilloscopes covering a range
from 1 ns to 10 ms. The lifetime of the Trp triplet state in water was about 40 ps, but could
be much shorter in the presence of Cys.[18] The bimolecular rate of Cys quenching Trp was
2x108M ~1 s7118] and the concentration of peptide in these experiments was 30 UM, so the
bimolecular contribution to the rate was about 6000 s™1, which was much less than the
measured rates due to intramolecular quenching.

Calculating Intramolecular Diffusion Coefficients—To find the intramolecular
diffusion coefficient, D, given in Equation (4), we required a probability distribution A7),
such that Equation (4) predicted the measured Ag. The distance-dependent quenching rate,
q(n, was found experimentally to be that given by Equation (6):

q(r)=koexp(=5(r—a)) ()

in which k,=4.2x109s71, a=4 A, and =4 A-1124] Many different techniques for calculating
A1) have been previously used, from simple polymer models to all-atom MD simulations.
For A, we used the two models described below. Once an appropriate distribution was
chosen for a particular solvent condition, D was calculated by using A7) and the measured
KD+

Gaussian Chain Model: The simplest polymer chain model, a freely jointed chain, yielded
a Gaussian distribution [Eq. (7)]:
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A2 3 3/2 32
PO= (gr) oo (ﬁ) ™

in which A/was a normalization constant and {r>) was an adjustable parameter that
determined the average Trp—Cys distance. The optimal {r,)Y/2 for each temperature,
sequence, and solvent condition is given in Table 1. These values were likely to be large due
to the intrinsic broadness of the distribution because Equation (3) was only sensitive to the
shortest Trp—Cys distances.

Energy Reweighted WL C Model: Chen et al. proposed a model of unstructured proteins in
which the preferred conformations were those in which noncontiguous residues of similar
hydropathy were in close proximity.[26] Acharya et al. expanded this model to include
charge effects as well.[3% This model used as a starting point a large number (20000000) of
WLCs created by a Monte Carlo method, setting the persistence length to 4 A. These chains
were created with an excluded diameter for each link on the chain of 4 A. From these chains,
we created a normalized probability distribution, A7), for the distance, r, between W19 and
C4 or C35.

To create compact ensembles, we reweighted the probability distribution to favor
conformations in which residues of similar hydropathy were near each other. We assigned
hydropathy, A, for each residue in the sequence by using the Miyazawa—Jernigan scale and
assumed that two residues with / values within 30% of each other contributed to
hydrophobic or -philic interactions, reducing the free energy of the system, and therefore,
making conformations containing such interactions favorable [Eq. (8)].

€ij
E =—
! |ri—r;]

li—j|>1
o — O,|hi—h]“ >0.3

We applied a distance cutoff to £y such that £4=0 for |7-7;| > 6.5 A. To account for charged
residues, we found the charge, g, on each residue at a particular pH by using the Henderson—
Hasselbach equation and calculated the Coulombic energy [Eq. (9)]:

e
|ri—7;]

Eo=vy Z
li—3[>1

©)

y and o were adjustable parameters for the Coulombic and hydrophobic interactions,
respectively.
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Using the total interaction energy, Erot=£En+Ee, We could reweight the probability
distribution A7) to yield a new distribution, Z() [Eq. (10)]:

Z(r)=N [P(r,E o )exp(—E o /KT)dE
[P(r, Eror )exp(iET()T /kT)dETOT

=N[P(r, Eror)dEror JP(r, Eror)dEor
=NP(r)(exp(—E,op /kT)),

1

N:fP(T) <eXp(_ETOT /kT»rdr (10)

The reaction-limited rate was then calculated from the new distribution [Eq. (11)]:

The tuning parameters, y and o, could be adjusted to make the calculated A agree with the
measured reaction-limited rate at any particular temperature. For most conditions, we set
=0 because one rate could not constrain two adjustable parameters and most of the
sequence was not charged, and therefore, did not contribute to £,. However, when
comparing measurements at pH 7.5 and 10, we initially set =0 and adjusted -y to make the
ratio of rates at these two pH values match the measured ratio, then adjusted o to get
absolute agreement with experimental results. As shown in Table 2, the final average Trp—
Cys distance and diffusion coefficient were not substantially altered by including the effect
of charge.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Aggregation propensities per residue for AB1_42 and various mutants. a) Sequence of Ap

with the mutations marked in blue and residues 41 and 42 marked in red. b) Amyloid

prediction by Zyggregator. ¢) Amyloid prediction by Tango. d) Toxic oligomer prediction by
Zyggregator. €) and f) Amyloid prediction by Zyggregator for alternate Cys positions. g)

Amyloid prediction by Tango for Abyg with the same colors as those used in b)—d).
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Figure 2.
Trp and Cys mutations in AB minimally perturb the aggregation kinetics. a) Fibrillization

kinetics, as measured by ThT fluorescence, for the wt and two Ap4, mutants. b)
Fibrillization kinetics, as measured by ThT fluorescence, for the wt and two AB49 mutants.
All measurements were made at 8 UM and 37°C, except for points marked with blue crosses,
which were measured at 30 UM and 20°C. ¢) CD spectra of different mutants immediately
after monomerization. The lines are for AB4, and the points are for Ap4g. d) CD spectra of
AB4o before (solid lines) and after (dashed lines) the Trp—Cys experiment and in 30%
sucrose (dark red); the same color scheme as that indicated in a) is used. €) CD spectra of
AB4o mutants after 12 h in aggregation conditions; the same color scheme as that indicated
in a) is used. f) AFM images of wt (top), F4C F19W(middle), and F19W M35C (bottom)
after 12 h in aggregation conditions. The average diameter of the oligomers is (89+7) (wt),
(56+6) (FAC F19W), (86+10) nm (F19W M35C).

Chemphyschem. Author manuscript; available in PMC 2018 February 09.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Acharya et al.

Page 18

hv a
kD+ q
— —>
koo | |
__ 005
)
< 0.04
8 0.03
[
g 0.02
2 00t
<
0.00 : . :
107 10% 10°% 10* 10% 102
time (s)
10
® 0°C
gL ® 10°C
® 20°C
2 e} 3020
§ 40°C
X 4
2
0
0 2 4 6 8
n (cP)

Figure 3.
Measurement of Trp—Cys quenching in AB. a) Kinetic scheme to measure intramolecular

diffusion: a UV photon excites W19 in the peptide to a long-lived triplet state (black ball)
that is quenched upon close contact with C4 or C35 (orange ball), returning W19 to the
ground state (white ball). The observed rate/lifetime of the Trp triplet state is given by
Equations (1) and (2). b) Transient optical absorption at A =450 nm of Trp triplet in
W19C35 at pH 7.5, 0 C. The red line is a three exponential fit. ¢) The fast lifetimes of Trp
triplet in W19C35 at pH 7.5 for various viscosities and temperatures as marked. The lines
are independent linear fits at each temperature.
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temperature. b) Measured diffusion-limited rates (determined from the slope of plots such as
that in Figure 3c) normalized to the viscosity of water at each temperature. Errors from the
linear fits are shown as error bars in a) and b). c) Average Trp—Cys distance calculated from
the reweighted wormlike chain (WLC) model described in the Supporting Information d)
Intramolecular diffusion coefficients determined by using the WLC model and Equation (4).
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