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Amyloid B-peptides 1-40 and 1-42 form oligomers with mixed B-sheets
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Materials and Methods

Materials

Recombinant (trifluoroacetic acid-free) AR, (MW 4329.9 Da) and
ABs; (MW 4514.1 Da) with ammonium acetate as a counter ion
were purchased from AlexoTech (Umea, Sweden). Recombinant,
uniformly C,°N-labeled ABs, (MW 4576.9 Da) and AR, (MW
4772.1 Da) were obtained from the same producer as above and
had approx. 90% isotope incorporation. The purity of the peptides
was 95% according to the manufacturer. Deuterium oxide was
from Cambridge Isotope Laboratories (Tewksbury, Massachusetts,
USA). S100A9 was prepared as described previously.*

Solubilization of lyophilized AB samples

Lyophylized AR samples were resuspended in ice-cold HFiP at a
concentration of 1 mg/mL. The solution was kept on ice for 30
min, sonicated in an ice-water mixture for 5 min and eventually
inspected for optical clarity. If no visible particles could be
observed, the solution was let to equilibrate at room temperature
for 30 min and then aliquoted in low-binding Eppendorf tubes, 50
pL/tube. The tubes were kept in a beaker with their lids open and
the beaker was covered with a laboratory paper wipe to avoid
deposition of dust particles. The beaker was then kept in a fume
hood overnight to allow for HFiP evaporation. Trace HFiP was
removed by keeping the tubes in a SpeedVac evaporator for 2 h
under strong vacuum. This procedure yielded a clear peptide film
on the bottom of each tube. The films were overcast with N, gas,
sealed with parafilm and stored at —20°C until use.

Resolubilization and mixing of monomeric AB peptides
Monomeric AB of the various types was obtained by resuspension
of the HFiP-treated films in 20 mM ice-cold NaO’H. The solution
was gently pipetted up and down the tube walls to achieve a
complete resuspension of the film. Care was taken not to
introduce air bubbles. Depending on the exact molecular weight
of the AB species, the volume of NaO?H used ranged between 52
and 55 pL, which gave in all cases a final peptide concentration of
200 puM. The solubilization was allowed to proceed for at least 1
h, during which the peptide solution was constantly kept on ice.
This procedure yielded monomeric and disaggregated AP
peptides, as judged by the typical random coil signals observed in
both infrared (IR) and circular dichroism (CD) spectra.

All procedures involving resuspension, handling and mixing of
peptides in aqueous solutions were carried out in a custom-made
glove box continuously purged with dry N, gas. This avoided
contamination of samples prepared in *H,0 with atmospheric
moisture and CO..

The monomeric AB peptide solutions in NaO?H were mixed in low-
binding tubes to yield various peptide ratios in a volume of 10 pL.
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The mixtures were mixed by gentle pipetting and kept on ice until
analysis.

In situ induction of oligomer formation

Oligomer formation by monomeric AB solutions or mixtures in
NaO?H was induced by rapidly changing the p?H to a value of
approx. 7.4, from an initial value that was typically >11. This was
achieved by drying 4 uL of 100 mM sodium phosphate, pH 7.0,
under vacuum on a UV-grade CaF, window. The film was
redissolved in 10 uL ?H,0 and dried again. This procedure was
repeated twice. Eventually, the dried buffer film was resuspended
using 4 pL of the various peptide solutions. A 50-um plastic
spacer, covered on both sides with a small amount of vacuum
grease, was laid on the CaF, window and a flat CaF, window was
added. A second sample was prepared in parallel in the same way,
except that 20 mM NaO?H was used to rehydrate the dried buffer
film. This sample served as a blank for the spectroscopic analysis.
All procedures were carried out in a glove box in a N, atmosphere.

Oligomer formation in the presence of S1I00A9

Lyophilized S100A9 was dissolved in 100 mM sodium phosphate,
p?H 7, at a concentration of 1.8 mg mL™. The protein solution was
incubated overnight at 4 °C to allow for 'H/*H exchange.
Unlabeled and labeled AB4, films were resuspended in 20 mM
NaO?H at a concentration of approx. 1.8 mg mL™, and incubated
on ice for at least 1 h. To induce oligomer formation, 2 pL of the
S100A9 solution was mixed with an equal volume of peptide
solution directly on a CaF, window. This procedure decreases the
concentration of each species to 0.9 mg mL™, and changes the
p’H to approx. 7.4, which induces oligomer formation by the
peptide. To obtain IR spectra of SI00A9 and unlabeled/labeled
AB.. alone, the former was mixed to 20 mM NaO?H, while the
latter was mixed with 100 mM sodium phosphate, pH 7.

IR spectroscopy

The peptide sample and the corresponding blank were mounted
on a two-position sample shuttle in a Tensor 37 Fourier transform
IR spectrometer (Bruker, Germany) equipped with an MCT
detector cooled with liquid nitrogen. The spectrometer and its
sample compartment were continuously purged with CO,-free,
dry air. A waiting time after closing the sample compartment lid
permitted removal of moisture and CO, introduced during sample
loading. The total time between lowering the p?H to ~7.4 and the
measurement was 20 min. The temperature of the sample and
buffer cells was constantly kept at 20 °C by means of an external
water bath.

Interferograms were recorded at a resolution of 2 cm™, apodized
using a 3-term Blackman—Harris apodization function and Fourier-
transformed with a zero-filling factor of 2. Sixteen consecutive
interferograms were averaged to obtain a single sample or buffer



spectrum. Each final peptide spectrum was obtained by averaging
32 individual spectra and therefore corresponded to 512 scans.

The use of a sample shuttled allowed for automatic removal of
residual water vapor signals. We placed a buffer sample into the
background slot of the shuttle, which resulted in the subtraction
of most of the ?H,0 buffer spectrum and enabled the use of larger
apertures as compared to an empty background. Larger apertures
lead to higher signal-to-noise ratios as demonstrated
previously.” This resulted in high-quality, water vapor-free spectra
of AB peptide samples at a concentration of 0.9 mg mL™ (200
uM), which is low for IR spectroscopy.

IR spectra were recorded and analyzed using the OPUS software
from the instrument manufacturer. In the measured absorbance
spectra, most of the buffer signal was already subtracted due to a
buffer sample in the background position of the sample shuttle.
For absorbance spectra shown in Fig. S3 and used for evaluating
the *C-band position at 0.1 molar fraction of labeled peptide,
residual buffer and solvent contributions were subtracted using
an experimental buffer spectrum in ?H,0 and an in silico *H*HO
spectrum for the 'H?HO band near 1460 cm™. The latter was
generated by a fit to one of the experimental spectra and
consisted of a main band at 1456 cm™ and a minor band at 1477
cm™.

Second derivative spectra were calculated directly from the
measured absorbance spectra using a smoothing range of 17 data
points (approx. 17 cm™) for spectra shown in figures and 13 data
points for evaluating band positions. Subtraction of residual
buffer and solvent contributions as described above did not
change the band positions in second derivative spectra and was
not used except for determining the band position of the **C-band
at a molar fraction of labeled peptide of 0.1. This position was
affected by overlap of other bands including the main **C-band
near 1625 cm™ and a side chain band near 1585 cm™ that is clearly
present in the spectrum of unlabeled peptides. Therefore the
band position of the C-band was determined by curve fitting
after subtracting residual solvent and buffer contributions as
described above. The thus obtained absorbance and second
derivative spectra were then fitted simultaneously as described
previously,® using a factor (weight) of 300 to increase the
amplitude of the second derivative spectrum. The fitting range
was 1730-1550 cm™ and the fit model consisted of 11 bands
placed initially at 1730, 1683, 1678, 1664, 1653, 1632, 1624, 1615,
1590, 1586, and 1560 cm™. The main motivation for the 1586 cm™
band was its presence in the C-spectra and including it increased
the fit quality slightly. All other bands were motivated by the
shape of the second derivative spectrum. For example, the band
near 1632 cm™ was needed to decrease the positive side lobe of
the band near 1624 cm™ and the band placed initially at 1615 cm™
corresponds to an inflection in the second derivative spectra near
1605 cm™.

CD spectroscopy

CD spectra of the IR samples were recorded immediately after IR
analysis. The IR cell was fitted into a custom-made adapter and
inserted in the spectropolarimeter. Spectra were recorded by
means of a ChiraScan spectropolarimeter (Applied Photophysics,
state). Forty individual spectra were recorded and averaged to
give a single peptide spectrum.
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Photo-induced cross-linking

Photo-induced cross-linking of unmodified peptides (PICUP) was
performed according to the method originally developed by Bitan
et al.>’® with some modifications. To perform cross-linking on the
samples, the windows of the IR cell were opened by tilting one of
the windows relative to the other so that the sample droplet
could be reached with a thin pipette tip. The peptide droplet (4
uL) was mixed in situ with 6 puL of a solution consisting of the
following: 4 uL ddH,0, 1 pL 4 mM tris(bipyridyl)Ru(ll) and 1 pL 80
mM ammonium persulfate. The solution was mixed thoroughly
and transferred to a clear Real-Time PCR tube. The tube was
illuminated for 1 s using an Avalight deuterium/halogen light
source (Avantes, the Netherlands) controlled by a PC. 10 pL tricine
sample buffer (Bio-Rad, USA) containing 5% 2-mercaptoethanol
were immediately added to avoid further cross-linking induced by
ambient light. The tube was frozen in liquid nitrogen and stored
at —80°C.

Oligomer size analysis

The molecular weight distribution of the cross-linked A
oligomers was determined by SDS-PAGE analysis. To this purpose,
the frozen cross-linked oligomers were let to thaw at room
temperature and then 20 plL (approx. 3.5 pug peptide) were loaded
onto 10-20% tris-tricine pre-cast gels (Bio-Rad). Molecular weight
standards (Dual Xtra Standards, Bio-Rad) were also loaded (2 pL
markers + 8 pL sample buffer). The gels were mounted onto a
Mini-PROTEAN electrophoresis system (Bio-Rad) and run as per
manufacturer's instructions. After the electrophoretic run, the
gels were stained using a commercially available silver staining kit
(Thermo-Fisher Pierce) and imaged using Intelligent Dark Box Il
(Fujifilm).

Calculation of amide | spectra

Published atomic coordinates for ideal antiparalle and
parallel? B-sheets were used to generate B-sheet building blocks.
B-sheets of a specified even number of strands and a specified
even number of residues per strand were then created by copying
and translating the building block. We discuss here mainly sheets
with 6 strands and 10 residues (9 complete amide groups). For
antiparallel sheets, the building block consisted of two residues in
one strand and their neighbors in one adjacent strand. For parallel
sheets, the building block had 2 residues in one strand. The z-
coordinate was multiplied with -1 to transform the original
coordinates with (R)-configuration to (S)- configuration.® To
compare the ideal B-sheets with a real structure, we also used the
6-stranded antiparallel B-sheet of residues 37-44, 53-61, 71-80,
87-96, 103-112, 122-130 from chain B of a streptavidin mutant
(pdb code 2Y3E).* This sheet had slightly less residues in several
strands than the ideal sheet that we consider, but test
calculations with an ideal sheet with the same number of residues
in each strand as the real sheet showed that the band positions of
the main *2C- and **C-bands differed by only 0,2 cm™ at most and
that the *C-band shift from 100% 13C- to 10% 13C-content was
the same.
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IR spectra of the amide | vibration were calculated as previously
described™*® but with the additional options to label all amide
groups in a strand and to simulate a preference of AB or AR, to
form homogeneous aggregates in some calculations. The
calculations assumed the same intrinsic wavenumber for all
amide groups of a given isotope, nearest neighbor coupling
constants from density functional theory calculations,” and
transition dipole coupling between the remaining amide groups.



All amide groups in unlabeled strands were assigned a mass
normalized diagonal force constant in the F matrix of 1.6138
mdyn A* u? corresponding to 1655 cm™. The respective numbers
for labeled strands were 1.5429 mdyn A*u™ and 1618 cm™ and
were calculated according to the mass effect on a C=0 oscillator.
The mass of the amide nitrogen atom has a negligible effect on
the amide | frequency which was ignored in our considerations.

Non-nearest neighbor interactions were described by transition
dipole coupling’®* using the following parameters: the dipole
derivative of unlabeled amide groups had a magnitude of 3.2
D A u?, was located on the C=0 bond 0.868 A away from the
carbon atom,® and was oriented at an angle of 20° relative to the
C=0 bond towards the nitrogen atom. A transition dipole
magnitude of approximately 0.32 D or the corresponding®* value
of 3.2 DA'u™? for the dipole derivative were found in
experiments (0.33-0.35 D)*** and in ab initio calculations (0.31-
0.33 D)** with the model compound N-methyl acetamide in
water. A dipole derivate between 3.1 and 3.2 D A*u? was
concluded for two B-sheet polypeptides® but higher values have
also been reported (0.39 D corresponding to 3.9 D At u?).?
Angles of the transition dipole moment close to 20° have been
measured for amide containing compounds®? and the B-sheet
protein silk fibroin®*® as well as computed in the above mentioned
ab initio calculations.

The dipole derivative ou/0q is calculated with respect to the
normal coordinate g, which exhibits a square root dependency on
the reduced mass m, of the oscillator. For the labeled amide
groups, the value of 3.2 D A u? for unlabeled amide groups was
therefore multiplied with the square root of the ratio of the
reduced masses {m,(**C=0)/m.(**C=0)}*? for the unlabeled and
labeled C=0 oscillators.

In order to test the influence of structural distortions and mobility
on the spectrum, we performed also one calculation in which the
mass normalized diagonal force constants were statistically varied
by at most +1% and the non-diagonal force constants by at most
+10%. The former variation corresponds to a spread of the
intrinsic frequencies within a 16 cm™ interval and is close the
effect of formation of a hydrogen bond the amide carbonyl
oxygen.*®

The statistical distribution of labeled and unlabeled strands in our
sheets was modeled as described in the following. For each
calculation, 3000 B-sheets with 6 strands each were generated.
The total number of strands was partitioned into labeled and
unlabeled strands according to one of the *C:*?C-ratios used in
the experiments. These strands constituted the pool of strands
used for the assignment of carbon isotopes to strands in the
sheets. The number of *C- and *C-strands in the pool decreased
as the assignment progressed from the first to the last strand of
the 3000 sheets. For each strand, the probability for becoming
labeled or unlabeled reflected the actual “*C:*C-ratio of the
strands in the pool. After assigning carbon isotopes to all strands,
the spectra of the 3000 sheets were calculated and averaged. We
decided on the number of 3000 sheets because it provided good
reproducibility of the averaged spectrum. Calculation of the
average spectrum from 3000 sheets was repeated 20 times to
generate 20 spectra for a given *C:**C-ratio in order to assess the
error in the obtained band positions.

Some of the calculations considered a preference for a given type
of peptide to be next to itself in the aggregates. Since A4 and
ABs; had different carbon isotopes in our experiments, preference
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Fig. S1. Second derivative infrared spectra of oligomers obtained from A4
and ABs, using unlabeled recombinant peptides. The vertical extensions
between minimum and maximum are approximately 1.9 and 1.7 x 10* cm?
for ABao and AB.,, respectively.

for homogeneous aggregates was modeled in our calculations by
a preference of each carbon isotope to be next to a strand with
the same isotope. This was done by considering an additional
probability, the acceptance probability. Initially, the program
assigns an isotope to the first strand as described above. It moves
then to the next strand and assigns an isotope for this strand in
the same way. Once this is done, it checks the isotope of the
previous strand. If both strands contain the same isotope, then
the isotope is accepted also for the actual strand. Otherwise, it is
accepted or rejected according to a pre-defined acceptance
probability. If the isotope is rejected, then the assignment of an
isotope to the actual strand is repeated until an isotope for this
strand is accepted. Then, the next strand is considered until all
strands in all sheets are assigned.

Supplementary Results

Second derivative spectra of AP homo-aggregates from
unlabeled peptides

Fig. S1 shows the second derivatives of infrared absorbance
spectra of unlabeled ABs or AB. oligomers. The corresponding
absorbance spectra after subtraction of residual solvent
contributions are shown in Fig. S3. In second derivative spectra,
negative bands correspond to component bands in the respective
absorbance spectrum. Second derivatives are commonly used
because component bands can be better distinguished and band
positions more reliably determined than in absorbance spectra. In
our case, they enable an evaluation without subtraction of
residual solvent contributions in contrast to the processed
absorbance spectra shown in Fig. S3. The reasons for this
advantage of our second derivative spectra are twofold: (i) most
of the solvent absorption is already subtracted in our original
absorbance spectra due to the use of a buffer spectrum as
background spectrum, and (ii) broad bands like those from the
solvent are suppressed in second derivative spectra as compared
to the sharper features of folded peptides.

The spectra of AR, and APs, oligomers show three main
components in the amide |’ region (1700-1600 cm™) in *H,0



buffer: (1) a sharp component at 1685 cm™ assighed to B-sheets,
(2) a weak and broad component between 1660 and 1640 cm™
assigned to unstructured segments, and (3) a sharp and intense
component at 1625-1622 cm™ also assigned to B-sheets.***” The
latter dominates the spectrum which indicates a conformation
rich in this secondary structure.

The high wavenumber band at 1685 cm™ in Fig. S1 causes a
pronounced shoulder in the absorbance spectra shown in Fig. S3.
Such a spectral feature near 1695 cm™ in 'H,0 and in the dried
state or at 1685 cm™ in ?H,0 is usually considered a marker band
for antiparallel B-sheets.*® There is considerable evidence for such
an assignment including studies of amyloidogenic proteins® but it
should be noted that a high wavenumber band also has been
observed in spectra of some, but not all, B-helix proteins.*® These
proteins exhibit several bands in the amide | region, whereas our
spectra show only the two distinct bands expected for antiparallel
B-sheets. For these reasons, we assume an antiparallel B-sheet
structure of our aggregates.

In order to quantify the relative contributions of the high and low
wavenumber bands of B-sheets, we calculated the B-sheet
organizational index from the baseline corrected, deconvoluted
absorbance spectra according to Celej et al.”* The index was 0.28
for ABs and 0.22 for A4, in line with previous findings for AP,
oligomers.*® The values are within the range found for antiparallel
B-sheet proteins like avidin, concanavalin A and outer membrane
porin OmpF (0.21-0.29).° Thus our spectra agree with those
expected for proteins with a predominantly antiparallel
organization of the B-sheets. Also other methods have indicated
an at least in part antiparallel B-sheet structure of AB oligomers
for AB fragments,* ™ AB4,* and AB4,,.**° Note however, that the
conclusions of this work are independent from the structural
interpretation of the data because very similar isotope dilution
shifts were calculated for parallel and antiparallel sheets
(compare Figs. 3 and S7).

Irrespective of the assignment of the high wavenumber band to a
particular B-sheet architecture, it is considered a marker for
oligomers and a key feature for discriminating between oligomers
and amyloid fibrils.*® This band is considerably weaker for AB fibril
samples than for AB oligomer samples*™* and decreases in time
resolved experiments concomitant with fibril formation.™ Its
presence correlates with the presence of spherical aggregates,?>*°
with weak fluorescence from the fibril marker thioflavin T,*® with
the inability of the aggregates to bind the amyloid specific
antibody domain B10® and to alter the absorption of the amyloid
stain Congo Red.® At an intermediate stage of the aggregation
process, when the high wavenumber band is still present, the
aggregates bind the oligomer-specific antibody A11, but not at a
later stage, when the band is largely absent.*

In the following we compare the spectra of our preparations with
those of the above cited oligomer studies. For this, we evaluated
graphically the ratio of the absorbance values of the high
wavenumber band and of the main B-sheet band. This ratio is
related to the B8-sheet organizational index but has the advantage
that it can be evaluated from published spectra. The results are
listed in Table S1. The ratios for our samples agree with or are
larger than those for the previous ABs and AP, oligomer
preparations. This shows that they contain predominantly
oligomers.

The position of the main B-sheet at 1625-1622 cm™ varies
between the two peptide forms, with ABs, showing a peak at
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Table S1. Absorbance of the high wavenumber band divided by the
absorbance of the main B-sheet band (H/M). The absorbance values were
evaluated with respect to a baseline drawn between points near 1700 and
near 1600 cm™. Our spectra were deconvoluted using the parameters of Cerf
et al.? and our values are the averages and the standard errors of three
independent experiments for each peptide.

Peptide H/M Reference

Unprocessed absorbance spectra

ABao 0.33+0.01 This work

ABuo 0.27 Habicht et al. 20073

ABao 0.21 Breydo et al. 2016*

ABa, 0.24+0.01 This work

ABa> 0.12 Eckert et al. 2008°
Deconvoluted absorbance spectra

ABao 0.32+0.01 This work

AB4o(0 h) 0.25 Sarroukh et al. 2011*

AB4o(24 h) 0.10 Sarroukh et al. 2011!

ABaz 0.26 £0.01 This work

ABs(<1h) 0.22 Cerf et al. 2009?

AB2(24 h) 0.18 Cerf et al. 2009°

1622 cm™ and AB4, showing a peak near 1625 cm™. This small but
distinctive feature indicates different backbone structures for AR,
and ABa,. In general, a downshift of the main B-sheet band can be
due to (i) more planar B-sheets, (ii) B-sheet sandwiches with less
layers, or larger inter-layer distance, or larger angle of rotation
between the layers, (iii) more strands per sheet, or (iv) stronger
hydrogen bonding to the backbone carbonyls.>?*'%2 The latter
explanation seems to be unlikely. Stronger hydrogen bonding
should also downshift the high wavenumber band of antiparallel
B-sheets, which is not observed. Explanation (iii) - more strands
per sheet - does not seem appropriate in the light of our gel
electrophoresis results (see below) which show that the AR,
oligomers include larger species than the AP, oligomers.
However, we cannot exclude this explanation because larger
species may be composed of smaller sheets that are separated
enough to be vibrationally decoupled. Such a separation will lead
to an upshift of the main B-sheet band and the argument has
been used before to explain the upshift of a B-sheet band upon
nucleotide dissociation from the sarcoplasmic reticulum Ca?-
ATPase.* In conclusion, differences in B-sheet size, distortion, or
layer architecture are likely causes of the spectral differences
between AB4 and AB4,. Such changes leave the band position of
the high wavenumber B-sheet band relatively unaffected”** (for
B-sheet layers this statement is only true when the layer distance
exceeds ~7A¥). In line with the above interpretation, we observe
the high wavenumber band at the same position in both types of
oligomers.

We note also that the 1625-1622 cm™ band is broader for AR,
than for AB4, which indicates the contribution of sheets with
different structures to the ABa, spectrum, either because this is an
inherent property of individual AB4, oligomers, or because of the
wider distribution of oligomer sizes in the ABs, preparation
detected by gel electrophoresis (see below).
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Fig. S2. Second derivative infrared spectra of oligomers obtained from ARy
and AB.;, using *C,”*N-labeled recombinant peptides. The vertical extensions
between minimum and maximum are approximately 1.7 and 2.0 x 10* cm?
for ABao and AR, respectively.

The spectra of the AB oligomers in our preparations are consistent
with those reported in the literature.?**® Most previous studies
used non-deuterated samples (often dried) and therefore find the
absorbance bands at slightly higher wavenumbers. In contrast,
our samples were measured in *H,O solution, which causes an
exchange of the amide hydrogen for deuterium and in
consequence a downshift of the amide | band. Our band positions
are similar to those of AP, interacting with membranes in ?H,0
(1685 and 1623 cm™)® and to those of ARy dried from ?H,0
solution (1685 and 1624 cm™).”” Interestingly, in our previous
study of AB4 in 2H,0,* incubated for the longer time of 15 h, the
main band position was slightly below 1620 cm™ and 35%
broader. The high wavenumber band (near 1685 cm™) was less
intense relative to the main B-sheet band (by a factor of nearly 5
in second derivative spectra) and had a similar width as in the
present study. Considering both the different widths of the main
B-sheet bands and the different intensities of the high
wavenumber bands, it is concluded that longer incubation
considerably reduces the band area of the high wavenumber band
compared to the band area of the main band. This can be
interpreted as a much smaller content of antiparallel B-sheets and
a larger content of parallel B-sheet structures upon prolonged
incubation in line with previous findings.»***®

Second derivative spectra of AB homo-oligomers from labeled
peptides

The second derivative spectra of oligomers obtained from
uniformly *C,"’N-labeled AB4 and AP, are shown in Fig. S2 and
their corresponding absorbance spectra in Fig. S3. Their band
pattern is similar to the corresponding unlabeled peptides,
although all amide I' bands are shifted to lower wavenumbers.
The high wavenumber band is now located at 1639 cm™, while
the main B-sheet band is located at 1580 cm™ in AR, oligomers,
and at 1583 cm™ in AB,, oligomers. A comparison of the spectra
obtained from labeled and unlabeled oligomers confirms the
expectation that labeled AR, and AP, oligomers adopt similar, if
not identical structures as oligomers of the corresponding
unlabeled peptides.

The spectral shifts originate from the larger mass of heavy
isotopes incorporated in the labeled peptides (*C and ™N),
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Fig. $3. IR absorbance spectra of AB oligomers corresponding to the second
derivative spectra shown in Figs. S1, S2 and in Fig. 1 of the main text. The
spectra are offset for a clearer presentation. Spectra from unlabeled peptides
are shown in blue and those from labeled peptides in red. “1:1 Average”
labels the average spectrum of the blue and the red spectrum shown above
it. “1:1 Experiment” labels the respective experimental spectrum of a 1:1
mixture. The vertical lines indicate the *C-band positions of the homo-
oligomers.

leading to an increase in the reduced mass of the oscillators and,
hence, a decrease in their vibrational frequencies. Because the
amide | mode is largely dominated by the C=0 stretching vibration
(~80%), most of the shift is caused by the *C-isotope. The N-
isotope contributes to the shift to a much smaller extent (1-2
cm™)**#% in the form of a minor contribution of the C-N stretching
and C-C-N bending vibrations to the amide | mode.*® **N-labeling
has therefore little impact on our results and the reason for using
doubly labeled peptides was merely their commercial availability.
Our ®C-band position for AB,, is close to that obtained by drying
AB., from an HFIP solution and submerging the film in *H,0 (1585
cm™).%! However, the authors of that study do not report a high
wavenumber component and conclude that the structure consists
of parallel B-sheets.

IR absorbance spectra of A oligomers

IR absorbance spectra of labeled and unlabeled ABs and ABa
homo-oligomers are shown in Fig. S3 as well as spectra of the
experimental 1:1 mixtures and the respective calculated average
spectrum of the two homo-oligomer spectra. In line with the
second derivative spectra, the absorbance spectra of the
experimental 1:1 mixtures are different from the -calculated
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Fig. S5. SDS-PAGE of photo-crosslinked AB4, oligomers, AB, oligomers and
mixed oligomers.

average spectra. Bands in the experimental spectra appear
broader and the band positions are shifted which indicates the
formation of mixed oligomers.

Composition effect on oligomer size distribution

Circular dichrosim (CD) spectra of pure AB,, and AB4 oligomers as
well as of mixed oligomers are shown in Fig. S4. All spectra
indicate a predominant B-sheet composition, as denoted by the
maxima and minima at 197 and 216 nm, respectively. Although all
spectra were recorded at the same molar concentration (200 uM),
AR, oligomers exhibit a larger B-sheet signal than AB4 oligomers
and this signal correlates with the relative amount of AR, of in
the mixed oligomers. This is in line with the lower random coil
content of AB4,-rich oligomers detected with IR spectroscopy.

In the CD experiments, the detector voltage increased with
increasing AP, ratio. This experimental parameter is often used
as a monitor for light scattering, and its increase might correlate
with an increase in particle size.

To test whether the relative amounts of ABs; and AB4 in the
oligomers corresponded to different oligomer sizes, the oligomers
characterized in Fig. S4 were photo-crosslinked and their size
analyzed by SDS-PAGE. The results, shown in Fig. S5, indicate that
pure AB4, and A, oligomers have different sizes. In the case of
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Fig. S6. CD spectra of unlabeled and labeled A, in the presence of S100A9.
(A) CD spectra of unlabeled (blue) and labeled (red) AB.,, together with that
of S100A9 (black). (B) and (C) Theoretical and experimental CD spectra of the
AB4, and S100A9 1:1 mixture.

pure AB4; oligomers, dimers and trimers coexisted with medium-
molecular weight (4- to 7-mers) and large species some of which
had weights larger than 250 kDa. Pure AR, oligomers, however,
mainly existed as low-molecular weight species (up to tetramer),
and no sign of large species was observed. In mixed oligomers,
the increase in the relative amount of AB,, corresponded to an
increase in medium-molecular weight and high molecular weight
species. These results are in line with the enhanced light
scattering of AB4, containing oligomers, which was inferred from
the detector voltage in the CD experiments.

An additional property, that could not be concluded from either
CD or IR data, was the preferential organization of mixed



oligomers containing small amounts of AR, into trimeric
structures, as can be observed in the last three lanes of the gel.
The trimeric species was not the dominant species in either pure
AB4, or ABs oligomers, and therefore represents a preferential
organization of ABs-rich mixed oligomers. The highest relative
abundance for this species was observed in 1:3 and in the 1:9
oligomers, which is in line with the previous finding of
predominantly smaller oligomers for similar  ABs:AB4o
ratios.®* These ratios correspond to the most common AP 4,:AB4
ratio found in patients affected by Alzheimer's disease, therefore
representing a potential link between oligomer size and
appearance of the disease.®™®

CD spectra of AB,; oligomers in the presence of S100A9

IR spectra of AB42 oligomer formation in the presence of SI00A9
are shown in panels B and D of Fig. 6 of the main text. As a
complement to the IR data, CD spectra were also recorded
immediately after the IR measurements. The results are shown in
Fig. S6. The CD spectrum of S100A9 (panel A) shows the typical
profile of all-a proteins, namely two negative bands at 207 and
222 nm and a positive band at 193 nm. The CD spectra of
unlabeled and labeled AB42 oligomers are indistinguishable from
each other. They both show a negative band at 217 nm, and a
positive band at 197 nm. This is in full agreement with the spectra
of B-sheet proteins. The experimental and calculated spectra of
the mixtures (panels B and C) are virtually superimposable onto
each other, considering a small baseline drift. Thus CD
spectroscopy does not detect a conformational change due to
interaction between AB42 and S100A9 and is insensitive to the
subtle changes detected by IR spectroscopy discussed in the main
text.

Calculated amide | spectra of parallel B-sheets with mixed
isotope composition

Fig. S7 shows calculated amide | spectra of parallel B-sheets which
correspond to those for antiparallel sheets shown in Fig. 3 of the
main text. Isotopic dilution causes a qualitatively similar band
shift of the *C-band as for the antiparallel sheet. The shift is 14
cm™ from 10% to 100% **C for the parallel sheet and 17 cm™ for
the antiparallel sheet.

Sensitivity of the approach to detect a deviation from random
mixing

Our isotope mixing experiments revealed shifts of the **C-band
position with changing *C:*2C ratio which are shown in Fig. 2 of
the main text. Two of the *C-band position curves were obtained
for randomly mixed oligomers (gray lines), the two others
characterized AP4:APs mixtures (black lines). The former
superimpose well on the latter, indicating that these two
peptides form common B-sheets which contain a random mixture
of ABsw and AR, strands. One could however argue, that our
method is simply insensitive to a deviation from random mixture.
To scrutinize such an objection, we simulated C-band shifts
under the condition that a given strand prefers to be adjacent to a
strand with the same isotope. In the context of the AB.:ABs
mixing experiment this means a preference of each peptide to be
adjacent to its own kind in the B-sheets, e.g. AB4 favors to be
next to ABs. We will explore in the following the expected
consequences of a deviation from random mixing for the *C-band
position curves. We will then compare the simulated results to
the experimental results in Fig. 2.
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Fig. S7. Calculated amide | spectra for a parallel B-sheet with 6 strands and
10 residues per strand (9 complete amide groups). The blue and red spectra
were calculated for entirely unlabeled and labeled sheets, respectively. The
gray spectra were calculated for different molar fractions of **C-peptides
(0.1, 0.25, 0.5, 0.75, 0.9). Each simulated spectrum is the average of the
spectra from 60000 sheets with a statistical distribution of labeled and
unlabeled strands at a given **C:"2C-ratio. “*C-enrichment gradually shifts the
BC-band from 1611.3 to 1597.7 cm™. The *C band position for the entirely
unlabeled sheet is 1634.0 cm™.
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Fig. S8. Calculated position of the *C-absorption band of antiparallel B-
sheets with 6 strands and 10 residues for each strand. Plotted is the average
band position of 20 spectra each of which was the average of the spectra of
3000 sheets. The error bars indicate the standard deviation calculated from
the 20 repetitions. The vertical bars on the left illustrate the **C-band shift at
100% (blue) and 40% (purple) acceptance probability when half of the
peptides are labeled.

Fig. S8 shows calculated **C-band positions for an antiparallel B-
sheet. The calculations modeled a preference of AB4 and AR, for
forming homogeneous oligomers. This was implemented in the
program for spectrum calculation by an acceptance probability of
a given strand to accept a neighboring strand in the sheet with a
different isotope. 100% acceptance probability means that mixing
is random. In contrast, 0% acceptance probability generates only



isotopically pure sheets, modeling a situation where AB,, and AR,
do not mix in the oligomers. In this case, the band positions for
the *C- and the *C-band do not shift, when the **C:*C-ratio is
changed, because all sheets are isotopically pure. Consequently,
the respective curve for the *C-band position is flat in Fig. S8. All
other curves lie between this curve and the curve for 100%
acceptance. The curves for low acceptance probabilities exhibit a
steep slope at low *C:*?C-ratios, because **C is only incorporated
into *C-sheets when there is a large excess of *?C. The largest
absolute deviation of curves with preference for pure oligomers
from the curve for random mixing is observed at intermediate
13C:2C-ratios. For example at a *C:?C-ratio of 0.5, an acceptance
probability of 40% decreases the shift of the “C-band to 54%
(purple bar in Fig. S8) of the value for pure sheets (blue bar in Fig.
S8). This is in contrast to the experimental *C-band position
curves shown in Fig. 2. Those for the APB.;:ABs mixtures (black
lines) deviate very little from the curves for random mixing (gray
lines), in particular at intermediate **C:**C-ratios. The deviation is
considerably less than for the simulated curve with 40%
acceptance probability. Therefore we conclude that the
acceptance probability in our experiments is between 40% and
100%.

The property acceptance probability is related to the composition
of the B-sheets. In order to give an impression of the composition
of the sheets at the two limiting acceptance probability values of
40% and 100%, Table S2 lists the composition of the simulated
sheets for the two cases. From the values at 40% acceptance, we
conclude that a 1:1 mixture leads to simulated 6-stranded sheets,
of which 55% contain 2-4 strands of either isotope/peptide. The
respective percentage for completely random mixing is 78%.
Accordingly in our experiments, a 1:1 monomer mixture leads to
AB4:AB4 oligomers of which a majority contains between one
third and two thirds of either peptide. Thus the simulations
support the conclusion from the experiments that ABs and ABa;
monomers form common [-sheets, where they are mixed
randomly or nearly randomly.

Table S2. Isotopic composition of 6-stranded antiparallel B-sheets. The
numbers in the table give the percentage of sheets with a certain number of
labeled strands at a given molar fraction of labeled strands. The top number
in regular type in each cell states the fraction of sheets at 100% acceptance
probability, the bottom number in italics type the fraction at 40% acceptance
probability.

Number of 13C:1C-ratio
“Cstrands| 0 | 01 [ 025 | 05 | 075 | 09 | 1
per sheet Percentage of sheets
0 100 53.2 18.1 1.4 0.0 0.0 0.0
100 61.9 324 9.4 1.3 0.1 0.0
1 0.0 35.4 35.0 9.4 0.5 0.0 0.0
0.0 23.5 25.2 13.2 3.0 0.4 0.0
2 0.0 9.9 299 23.8 3.4 0.1 0.0
0.0 9.5 19.1 17.8 6.7 1.1 0.0
3 0.0 1.4 13.2 31.3 13.0 1.3 0.0
0.0 3.5 12.3 19.2 12.3 3.4 0.0
4 0.0 0.1 3.4 23.2 29.8 9.8 0.0
0.0 1.1 6.7 17.7 19.3 9.5 0.0
5 0.0 0.0 0.4 9.4 35.5 36.0 0.0
0.0 0.4 3.0 13.4 25.1 23.6 0.0
6 0.0 0.0 0.0 1.6 17.8 52.8 100
0.0 0.1 1.3 9.3 324 61.8 100
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