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The internal structure of amyloid-B (AB) oligomers was investigated with isotope-edited Fourier
transform infrared spectroscopy. Homo-oligomers of AB4o and AB4> were prepared from unlabeled and
13¢C, 1°N-labeled monomeric Ap and from mixtures of these. For the unlabeled peptides, two main bands
were observed in 2H,O at 1685 and 1622 cm™! for AB4o and at 1685 and 1626 cm™* for AP4,. These
band positions indicate that the number of strands per sheet is at least four. The obtained experimental
amide | spectra were simulated using a number of structural models (antiparallel B-sheets, B-barrels and
a dodecamer structure). According to experiments and calculations, the main **C-band shifts down at
increasing molar ratio of labeled peptides. This shift occurs when vibrational coupling becomes possible
between ®C-amide groups in close-by strands. It is small, when intervening *?C-strands increase the
distance between *C-strands; it is large, when many neighboring strands are labeled. The shift depends
on the internal structure of the peptides within the oligomers, i.e. on the building block that each
peptide molecule contributes to the B-sheets of the oligomers. The shift is largest, when individual

Received 5th February 2019, peptides contribute just a single strand surrounded by strands from other peptide molecules. It is smaller

Accepted 2nd April 2019 when each molecule forms two or three adjacent strands. As indicated by a comparison between
DOI: 10.1039/c9cp00717b experiment and computation, the number of adjacent B-strands per peptide molecule is two for ABag

oligomers and two or more for AB4, oligomers. Our results are well explained by regular, antiparallel
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Introduction

Alzheimer’s disease is the most frequent neurodegenerative
disease. It is associated with the formation of amyloid plaques
in the brain which mainly consist of aggregated amyloid-f
peptide (AB). AP is formed by proteolytic cleavage of the
amyloid precursor protein in two main variants which are 40
(AB4o) and 42 (APg,) residues long. Both have a propensity to
aggregate, which is stronger for AB,, due to two additional
hydrophobic residues (isoleucine, alanine) at the C-terminus.'™
The aggregation process from monomers to fibrils is complex
and involves a large number of oligomeric species, which are
thought to contribute considerably to the toxicity of AB.*'%*3
These oligomers are difficult to investigate because they have not
yet been crystallized without modification, they are too small for
cryo-electron microscopy and aggregates larger than tetramers
are too large for solution NMR."® Nevertheless, several structural
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models have been proposed, either for a dimer unit from
solution NMR,'® from solid state NMR studies'” ' or from
X-ray crystallography of AP stabilized by a protein scaffold** or
by modifying the sequence.”? Further information has been
obtained from Fourier transform infrared (FTIR) spectroscopy
of dried Ap,, oligomers, the spectrum of which resembled most
closely that of a bacterial porin with 16 antiparallel B-strands.>*
The proposed oligomer structures differ considerably, those that
have identified p-sheet structures - relevant to this work — agree
on the existence of antiparallel B-sheets in the oligomers. Whereas
some studies detect them in the C-terminal half'”*>** or in the
C-terminal quarter,'® a further study identifies them in the central
portion but not in the C-terminal tail.'® The discrepancies
between the oligomer models call for further investigation, in
particular for studies in aqueous solution, considering that
most of the present models are based on results in non-
aqueous environments.

Infrared spectroscopy is widely used in amyloid research?>2®
focusing mostly on the absorption of the amide I vibrations.
These vibrations consist mainly of the stretching vibration of the
carbonyl groups of the peptide backbone. The study of the amide
I band is particularly powerful in combination with isotope
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labeling, which can be used to reveal mixing of two different
peptides®®® or to study the structure of aggregates.*’ ¢

The interpretation of the amide I band profile is enhanced
by spectrum calculations. Density function theory can only be
applied to small sections of proteins so most approaches focus
on a computer-time-efficient description of the amide I
vibrations.?”~*° Each amide I oscillator is assigned an intrinsic
frequency, which depends on the electrostatic environment.*'~**
The individual amide I oscillators couple electrostatically with
other amide I oscillators, which is often described by transition
dipole coupling.*>*” These approximations are insufficient for
nearest neighbor interactions which are therefore modeled from
density functional theory calculations of small peptides.*®™*
Conformational dynamics can be accounted for either by statis-
tical variation of the parameters,>*>® by averaging spectra of
snapshot structures from molecular dynamics simulations®~°
or by direct time-domain approaches which also take into
account motional narrowing.®*®*

The relevant model structure for this work are antiparallel
B-sheets. Their amide I vibrations are characterized by a strong
coupling between amide groups in adjacent strands. This
coupling explains the large splitting of the absorption band
into a high and a low wavenumber component.*>** Coupling is
less effective when the frequencies of the coupled oscillators
are different, for example because the amide groups contain
different carbon isotopes. Thus, mixing of different carbon
isotopes in a B-sheet leads to a downshift of the high wave-
number band and an upshift of the low wavenumber band
which decreases the splitting between the two bands.®

Using a combination of isotope-edited FTIR spectroscopy
and spectrum calculation, we have found that mixtures of mono-
meric Ao and ABy, form mixed hetero-oligomers.®> This work is
here extended to homo-oligomers of either AB,, or AB,;. In
particular, we describe calculations that aimed to achieve a quanti-
tative agreement with the experiments. Our results show that the
internal structure of each peptide in homo-oligomers is such that it
contributes at least two adjacent strands to the p-sheets.

Experimental

Recombinant, unlabeled and *C, N uniformly labeled AB,o
and AB,, were obtained from AlexoTech (Umeda, Sweden).
N-Labeling has a very minor effect on the spectrum and will
therefore not be mentioned hereafter. Experimental procedures
were as described previously.®® Briefly, hexafluoroisopropanol-
(HFIP) treated AP was dissolved in 20 mM NaOH in order to
obtain a monomeric peptide solution at a concentration of
200 puM. Unlabeled and labeled peptides were mixed and 4 pL of
this solution added to a dry film produced from 4 pL of 100 mM
sodium phosphate to bring the solution to p>H 7.4 and initiate
aggregation. This preparation was chosen to prevent dilution of
the peptide when the pH was lowered. It produced small-sized
oligomers for AR,y and AP,, and additional larger aggregates
for AB,, as shown by gel electrophoresis of photo-crosslinked
samples.®®

8588 | Phys. Chem. Chem. Phys., 2019, 21, 8587-8597

View Article Online

PCCP

The peptide solution was placed between two CaF, windows
that were separated by a 50 pum plastic spacer. FTIR spectra
were recorded approximately 20 min after initiation of aggrega-
tion with a Tensor 37 FTIR spectrometer (Bruker, Germany) that
was equipped with a sample shutter. The reference position of
the sample shuttle contained a buffer sample that was prepared
in the same way as the Af samples but without peptide. The
spectral resolution was 2 cm ' and a zero-filling factor of 2
was used. The second derivative spectra were smoothed over 13
data points (approx. 13 cm™ ') in order to determine the band
positions and for the figures in this article. The band position of
the C-band at 0.1 molar ratio of “*C-peptides was determined
by simultaneous fitting of the absorbance and the second
derivative spectrum as described in our previous work.®® The
band positions at all other "*C:'*C ratios were determined
directly from the second derivative spectra.

For an estimation of the secondary structure content, buffer
contributions to the absorbance spectrum that were not
accounted for by the buffer sample in the reference position
of the sample shuttle were subtracted from the sample spec-
trum as described previously.®® Then a straight line between
the absorbance values at 1700 and 1600 cm™ ' was subtracted
from the absorbance spectrum. The data points in the intervals
1710-1700 em™ " and 1600-1590 cm ™" were set to zero and data
points above 1710 cm™' and below 1590 cm ' removed. The
absorbance spectrum and its second derivative were simultaneously
fitted® in the spectral range between 1700 and 1600 cm ™" with the
program Kinetics written by Erik Goormaghtigh (Université Libre de
Bruxelles) using a scaling factor (weight) of 50 and Savitzky-Golay
windows of 9, 13, and 17 points for the second derivative. Six bands
were fitted with initial positions at 1683, 1678, 1664, 1645, 1632, and
1624 cm™ ! without baseline. These fits produced two bands in
the region of the main B-sheet absorption near 1625 cm™ " at
very similar band positions but with widths that differed by a
factor of two. The wider band was placed 2 cm ™" higher than
the narrower band for both AB,, and AB,,. The areas obtained
were averaged for all three Savitzky-Golay windows used and
for three independent experiments for each peptide. They are
listed in Table S1 (ESI¥).

Fits with only five bands were also tested for one AB,, and
one APy, spectrum. The standard deviation between fit and
experimental spectra increased by a factor of more than 2
compared to the 6-band fit. In particular, there was less agree-
ment below 1615 cm ™' for both absorbance spectrum and
second derivative spectrum. The band placed initially in the
random coil region at 1645 em™" moved during the fit into the
1635-1630 cm ' region, assigned to B-sheets. This increased
the total area assigned to B-sheets by up to 60% relative to the
area obtained in the 6-band fits. For the 5-band fit to the APy,
spectrum, the total band area assigned to B-sheets decreased
from 65% to 50% when the Savitzky—Golay window increased
from 9 to 17 data points. In contrast, the 6-band fits to this
spectrum produced a consistent f3-sheet area of 41%, 37%, and
42% for windows of 9, 13, and 17 data points, respectively.
Because of the missing but expected band for random coils in
the 5-band fits, the more consistent results with the 6-band fits
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and the better agreement between experimental data and 6-band
fits, we regard the 6-band fits as a better representation of our
experimental data and discuss only these fits hereafter.

Computational methods

The amide I spectrum was simulated using a Matlab program®>®”

and model structures with antiparallel B-sheets. Parallel -sheets
cannot be used because our approach is based on a matching
between experimental and computational spectra (see below).
This requires the presence of a distinct high wavenumber
B-sheet band that is not observed in spectra calculated for parallel
B-sheets.

Antiparallel B-sheets of different sizes were created according
to the atomic coordinates suggested by Fraser and MacRae.*®
Most of the sheets consisted of strands with 10 residues
(9 complete amide groups) corresponding to the number of
residues in the B-strands of AB,,°>”® and AB,,”" fibrils. Anti-
parallel B-barrels of different sizes were also created, selecting
barrel-residing residues from available structures in the protein
data bank. The complete list of PDB files and the selected
residues for each of these files are listed in the ESIL.{ Additionally,
we considered a complete atomic structure for AB oligomers.>*
The structure is a dodecamer, consisting of four triangular trimers
that are tetrahedrically arranged around a central cavity. The
structures used are shown in Fig. 1.

The amide I spectrum of our model structures was calcu-
lated according to the floating oscillator model®” where a
protein is regarded as an assembly of individual amide I
oscillators that couple via transition dipole coupling. The rest
of the structure is not considered. Each oscillator is associated
with an intrinsic frequency or wavenumber and a transition

Il

Strands from 2 to 24

A

Fig. 1 Representation of the structures used in our calculations. (A)
Antiparallel B-sheets, composed of 2 to 24 strands, (B) B-barrels, composed
of 8 to 22 strands with antiparallel orientation, (C) a trimer unit of the
dodecamer structure, (D) the entire dodecamer structure of pdb entry
5HOW.2® The structure of each monomer in the dodecamer is a B-hairpin
where two B-strands are connected by a short loop. In (C) different
monomers have different colors. In (D) different trimer units have different
colors. The figure was created using Swiss PDB Viewer.”2 The complete list
of models can be found in the ESI.¥

Strands from 8 to 22

D
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dipole moment. The latter is proportional to the dipole deriva-
tive, which is the change of dipole moment associated with the
amide I vibration when the oscillator passes through the
equilibrium position. Further effects on the infrared spectrum
can be considered as described below. The frequencies and the
intensities of the normal modes of vibration are then obtained
by a diagonalization of the mass normalized force constant
matrix as in our previous work.*¢”

The diagonal elements of the force constant matrix were
calculated from the intrinsic wavenumber, which was assumed
to be the same for each unlabeled amide group. The intrinsic
wavenumber includes the effects of hydrogen bonding. A con-
stant intrinsic wavenumber for our model structures is therefore
equivalent to the assumption of the same hydrogen bonding
strength to all amide groups either due to hydrogen bonding to
other amide groups or to water. In case of the dodecamer
structure we explicitly considered hydrogen-bonding and nearest
neighbor effects as in our original version of the program.®’

The non-diagonal elements of the matrix were obtained
using coupling constants from density functional theory calcu-
lations for nearest neighbor interactions*®*® and transition
dipole coupling for all other interactions®” with parameters
adjusted to match the experimental spectra as described below.
The position of the dipole derivative was as suggested by
Moore and Krimm.?”””® We assumed that the transition dipole
moment was the same for each amide group. The angle of the
dipole derivative was fixed to 10°, 20° or 30° degrees with
respect to the C—O bond, which made the dipole derivative
pointing towards the N atom.

The composition of the force constant matrices and, conse-
quently, the simulation of the absorption spectra depended on
the values of the dipole derivative and of the intrinsic wave-
number of the unperturbed amide group. Panel A of Fig. 2
shows that the maximum absorbance and the splitting between
high and low wavenumber bands increase when the magnitude
of the dipole derivative is increased. Panel B shows that the
whole spectrum is shifted towards higher wavenumbers when
the intrinsic wavenumber is increased.

The magnitude of the dipole derivative and the intrinsic
wavenumber were adjusted for each model structure so that the

|
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Absorbance

1675 cm”

;
—1650 cm””

;
—1700 cm™

Absorbance

1600
1

1650
Wavenumber (cm™)

1750 1700 1550

Fig. 2 The calculated absorption spectrum depends on the magnitude of
the dipole derivative (panel A) and on the intrinsic wavenumber (panel B).
The magnitude of the dipole derivative is given in D A~ amu~Y2 in panel A
and the intrinsic wavenumber in panel B.
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the contribution of an individual peptide (red) to our B-sheet and B-barrel
model structures. The figure shows the example of an AB oligomer with a
12-stranded antiparallel B-sheet. Strands from other peptides are shown in
blue. (A) Single strand, (B) 2-strand block, (C) 3-strand block, (D) interlaced
model 1, (E) interlaced model 2. See text for a detailed description of the
building blocks. The non-B-sheet sections of the peptide with the red B-
strands are schematically shown in grey. The respective sections of other
peptides are not shown.

low and high wavenumber band positions of the calculated
spectrum matched those in the experimental spectrum of the
all-unlabeled sample. The matching between experimental and
simulated band positions was performed separately for the AR,
and the A4, spectra. Once the calculation parameters were
adjusted for one particular model structure, we used these para-
meters for the calculation of the spectra for all other **C: *2C ratios.

We simulated the presence of "*C strands according to the
3C:'2C molar ratios used in the experiments. The strands were
labeled according to five different patterns, as shown in Fig. 3,
that model the contribution of individual peptides to the
structure of the oligomers. This contribution is further on
termed building block. All amide groups within one building
block are thought to belong to the same peptide molecule and
contain the same carbon isotope (with the exception of a 10%
impurity of "C-atoms in “C-peptides, see below). A building
block does not comprise the entire peptide molecule and the
rest of the peptide is assumed not to participate in B-sheets.
Three building blocks had a different number of adjacent
strands from the same peptide. These were:

(A) Single strand: each strand has neighboring strands from
other peptides meaning that a given strand might have two
adjacent strands with a different carbon isotope.

(B) 2-strand block: each peptide molecule contributes two
adjacent strands. Therefore, each strand has one neighboring
strand from the same peptide with the same carbon isotope. An
example of such a structure is a B-hairpin where the two
antiparallel strands are connected by a loop.

8590 | Phys. Chem. Chem. Phys., 2019, 21, 8587-8597
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(C) 3-strand block: each peptide molecule contributes three
adjacent strands. The middle strand of a 3-strand block has two
adjacent strands with the same carbon isotope. An example of
such a structure is a 3-stranded B-sheet where the three strands
are connected by two loops. This building block can only be
applied to a subset of our model structures where the number
of strands is a multiple of 3: -sheets with 6, 12 and 24 strands;
B-barrels with 12 and 18 strands.

In addition, we considered two types of non-adjacent
arrangements:

(D) Interlaced model 1: each peptide molecule contributes
two strands which are separated by one strand from a different
peptide. This arrangement requires that the number of strands
is a multiple of 4, we used it for our B-sheets with 4, 12 and 24
strands and our B-barrels with 8, 12 and 16 strands.

(E) Interlaced model 2: each peptide molecule contributes
two strands that are separated by two strands from two different
peptides. For this model the number of strands needs to be a
multiple of 6: B-sheets with 6, 12 and 24 strands; B-barrels with
12 and 18 strands.

For labeled strands, the diagonal elements of the mass-
normalized force constant matrix were multiplied by 0.94725.
This mass factor was obtained from Af,, experiments by first
matching the simulated and the experimental high and low
wavenumber band positions for the '>C-AB,, spectrum, as
described above, and then simulating the '*C-spectrum (con-
sidering 10% ">C-impurities in '*C-strands, see below) with
different mass factors until agreement was obtained between
the experimental and simulated band positions of the main
B-sheet band. Our mass factor is close to the ratio of the
reduced masses for labeled and unlabeled C—O oscillators
(0.95604, resulting in a 37 cm ™' down shift from 1650 cm™*
upon “C-labeling). Our mass factor is also close to the ratio of
the reduced masses inferred from DFT calculations of trans
unlabeled and "*C N-methylacetamide (0.94771, resulting in a
45 cm ™' down shift from 1735 cm ™" upon *C-labeling).”*

Three situations could occur for the non-diagonal elements.
If the non-diagonal element represented an interaction between
two unlabeled groups, the force constant remained unchanged.
If the non-diagonal element represented an interaction between
two labeled groups, the force constant was multiplied by the
mass factor (as for the diagonal elements of the labeled groups).
If the non-diagonal element represented an interaction between
a labeled and an unlabeled group, the force constant was
multiplied by the square root of the mass factor.

In order to account for deviations from the used structures
(and consequently from the calculated force constants), statis-
tical variations were added to the elements of the force constant
matrix. The diagonal elements were subjected to a random
variation between —1% and 1% of their original value and the
off-diagonal elements between —10% and 10%. Furthermore,
we considered the 10% impurity of the labeled peptides used in
the experiments: in other words, there is a 10% chance in our
calculations to find unlabeled amide groups inside labeled
strands. The presence of the unlabeled amide groups inside
labeled strands weakens the coupling within and between
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labeled strands: in the absorbance spectrum the band position
of the main band is upshifted and the splitting between high
and low wavenumber bands decreases. For example, the split-
ting for a 6-stranded '*C-sheet reduces from 61.0 cm ' to
57.4 cm™ . As a result of including isotopic impurity, the average
splitting for sheets with 4-24 strands and 10 residues/strand and
all barrels was 57.5 cm™ ", which is very similar to the experi-
mental splitting for **C-AB4e, which was 57.7 em™* (using
parameters adjusted to the '*C-spectrum of AB,, and a dipole
derivative angle of 20°).

From the diagonalization of the force constant matrix, we
obtained the wavenumbers and the intensities of the normal
modes in the amide I region. With this information, the
absorbance spectrum was calculated using Gaussian band
shapes with a full width at half maximum of 8 cm . For a
comprehensive statistical sampling of the variations in the
force constants, of the isotope composition of the sheets at a
given C:'®C ratio and of different positions of unlabeled
amide groups within labeled strands, 3000 calculations for
each ratio were performed and the spectra averaged. The
number of 3000 calculations was chosen because it provided
a good reproducibility of the spectrum. The calculations were
repeated 20 times in order to assess the deviation in the band
positions between different simulation runs.

Results
Experiments

We measured the infrared spectra of AP oligomers that con-
sisted of mixtures of **C- and **C-isotopomers of either AB,, or
AB4,. These homo-oligomers are denoted AB,, oligomers or
APy, oligomers in the following. The peptides were mixed as
monomers in H,O at alkaline p’H, then brought to p*H 7.4
and measured after 20 min, corresponding to the minimal
waiting time to accurately purge the spectrometer sample
chamber after sample insertion. Fig. 4 shows the second
derivatives of the infrared absorption spectra of A4, and AB,,
for different **C: ®>C-ratios. The minima in second derivatives
correspond to the band positions of the component bands in
the absorbance spectra. The two major bands are found in

) A\ A
8 0 ‘i_:\/ - /
~ = ) Y \, 4
2 —Unlabeled
= 1 —Labeled
Z Mixtures
s B
2 A N(
8 oF— ’\/v &/\\_}///
$ —Unlabeled
—Labeled
Mixtures
1750 1700 1650 1 600 1550

Wavenumber (cm'1)

Fig. 4 Spectra of the second derivative of IR absorbance of (A) AB4o
oligomers and (B) AB4» oligomers at different *C :C-ratios. The spec-
trum of the all-unlabeled sample is blue and that of the all-labeled sample
red. Mixtures of unlabeled and labeled AB (9:1,3:1,1:1,1:3,1:9) are grey.
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Table 1 Band positions of the all-unlabeled and all-labeled samples

determined from the second derivative using a smoothing range of 13
points

Band position + standard

deviation in cm™* Number of experiments

12C 13C 12C 13C
AByo  1622.3 + 0.1 1580.6 £ 0.2 3 5
1684.6 £ 0.1  1638.3 £ 0.3
APy, 16255+ 0.4 15829+ 04 6 3
1684.6 £ 0.2 1639.3 = 0.2

spectral regions of B-sheet absorption. Their band positions are
listed in Table 1. The band at 1685 cm™" is an indicator of
oligomers and often considered a marker band for antiparallel
B-sheets as discussed previously.>””®® The absence of distinct
bands in the non-B-sheet spectral regions indicate a large
content of B-sheets. Indeed, a fit to the absorbance spectra
revealed a contribution of B-sheet bands to the total absorbance
in the amide I region of 28% for AB,, and of 39% for AB,,. Since
B-sheets absorb stronger in *H,O than unordered structures by
a factor of ~1.5,”>7° the p-sheet content is estimated to ~20%
for AP, and to ~25% for AB,,. The B-sheet content in struc-
tured AP oligomers might be higher than these values because
of the presence of unstructured monomers and aggregates.

The spectra of AB,, and AP, are similar in shape but the
band positions of the main band for unlabeled and labeled
AP, are found at 2-3 cm ™! higher wavenumbers than for ARy,
indicating different B-sheet structures.®> The spectra of the
oligomers are similar to those of AB4,:AB40 hetero-oligomers
that we have published previously.®’

The main band of the unlabeled oligomers at 1622-1625 cm ™
and that of the labeled oligomers at 1580-1583 cm™ " shift towards
higher wavenumber upon admixture of peptides with a different
isotope. In the following, we will focus on the **C-band because
the **C-band is not clearly seen at low '>C abundance and
because it is overlapped by the high wavenumber band of the
3C-spectrum. The shift of the *C-band position for both
oligomers is shown in Fig. 5.

1

Calculation strategy

In order to get information on the internal structure of individual
peptide molecules within the oligomers, we calculated the

1592

AB,, homo-oligomers

1590 - AB,, homo-oligomers-

N N
[$2 (S,
@ @
D o

1584

1582

3¢ band position (cm'1)

1580 !
0 0.2 0.4 0.6 0.8 1

Molar fraction of labeled peptide

Fig. 5 Experimental *C-band positions for AB4o (black) and A4, (grey)
oligomers.
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13C-band shift for a variety of oligomer model structures. The aim
of these calculations was a quantitative agreement between calcu-
lated and experimental spectra. Here, the calculations faced two
challenges: (i) the atomic structure of A oligomers is unknown
and (ii) the values for the parameters that enter the spectrum
calculations are not known to the necessary precision. Regarding
(i) we used a number of model structures including a published
atomic model. Regarding (ii) we adjusted the calculation para-
meters to fit the experimental spectra of the entirely unlabeled and
the entirely labeled samples as described in Computational meth-
ods. With these constraints, the spectra of the isotopic mixtures
were calculated without further adjustments.

In our calculations, we considered different internal structures
of the peptide molecules within the oligomers giving rise to
different building blocks for the B-sheets (see Fig. 3). A building
block in our calculations is the contribution of a single peptide
molecule to the B-sheets of the oligomers. Within a given building
block the carbon isotope is the same (with the exception of "*C
impurities in **C peptides, see Computational methods) and the
vibrational coupling represents intramolecular coupling. Cou-
pling between amide groups in different building blocks models
the intermolecular coupling. We considered the following build-
ing blocks: a single strand, where the strand contributed by one
peptide has neighboring strands from other peptides; a 2-strand
block, where two adjacent strands contributed by one peptide
molecule have 2-strand blocks from other peptides as neighbors;
a 3-strand sheet, where each peptide monomer contributes three
adjacent strands to the B-sheet of the oligomer. In addition, we
considered two types of two non-adjacent strand arrangements: in
interlaced model 1, the two strands from one peptide molecule
are separated by a strand from another peptide, while in inter-
laced model 2 the two strands are separated by two strands from
two different peptides.

General features of the calculated spectra

Fig. 6 shows an example of an absorbance spectrum and its
second derivative calculated by our program, using an ideal

—Unlabeled

®
2 | —Labeled

g Mixtures /

2 / /

< e \:/éj/ — — AN\

2| —unlabeled

® | —Labeled

-% Mixturﬁs AN R A AL

S = — \/ ==X \/

° \

&

1700 1650 1600 1550

Wavenumber (cm'1)

Fig. 6 Calculated absorbance and second derivative spectra for an antiparallel
sheet with 12 strands and 10 residues per strand (9 complete amide groups),
using the single strand building block. In the upper panel, the absorbance
spectra are shown for the unlabeled structure (blue), the labeled structure (red)
and mixtures (9:1,3:1,1:1,1:3,1:9) of unlabeled and labeled strands (grey). In
the lower panel, the second derivatives of the absorbance spectra in the upper
panel are shown, using the same color code.
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antiparallel sheet with 12 strands and 10 residues per strand
(9 complete amide groups) and the single strand building
block. Each line in Fig. 6 is the average of 20 repetitions of
3000 statistical compositions for each *C:**C ratio. The blue
line and the red line represent the two isotopically pure sheets.
Each grey line represents a mixture of unlabeled and labeled
species, using the same '*C:'>C ratios as in the experiments.
As in the experimental spectra, the main **C- and **C-bands
shift down when the -sheets become isotopically purer and the
high wavenumber B-sheet band shifts up. We will focus on
the shift of the main *C-band in the 1600-1580 cm ™' range
and use the term 0.1 — 1 '*C-band shift for a downshift of the
13C-band position upon changing the **C: **C ratio from 0.1 to 1.

The role of interstrand coupling

The shift of the *C-band upon '*C-enrichment is due to
vibrational coupling between different strands of a f-sheet.
Without interstrand coupling, an isolated (but hydrogen bonded)
strand would absorb at the same wavenumber as an entire sheet.
This is also true for a single **C-strand surrounded by **C-strands,
which would absorb at the same wavenumber as an entirely
labeled sheet. Therefore, in the absence of interstrand coupling
the *C-band shift would be zero.

Even in the presence of interstrand coupling, a **C-strand
that is surrounded by >C-strands is rather uncoupled from the
rest of the sheet. In test calculations of such a system with a
B-sheet composed of 12 strands with 10 residues (9 complete
amide groups) each and the labeled strand close to the middle
of the sheet, only ~15% of the vibrational energy of the
two vibrations with highest intensity in the 'C spectral
region was contributed by '*C-amide groups. Accordingly, a
single *C-strand in an otherwise '>C-sheet absorbs similarly
(1600 cm™" in our calculation) to a "*C-strand that is entirely
decoupled from the '*C-strands (1605 cm ™). The situation is
similar at low **C: **C ratios because the large distance between
the "C-strands prevents an effective coupling. When more
3C-strands are incorporated into the sheet, '*C-interstrand-
coupling becomes noticeable because the *C-strands get closer
and this shifts the main B-sheet band to lower wavenumbers.*’
In summary, the "*C-band shift is different from zero when
BC-strands are sufficiently close to enable effective coupling
between amide I vibrations in different "*C-strands.

Influence of B-sheet structure

In the following, we discuss the calculations for AB,,. We used a
set of model structures consisting of 7 B-sheets (4-24 strands)
and 11 B-barrels (8—22 strands). For each of the model struc-
tures, the parameters were adjusted so that the calculated
spectra matched the experimental spectrum of the unlabeled
sample. Then the spectra of the isotope mixtures were calcu-
lated and the *C-band shifts at a certain molar ratio of labeled
peptides averaged for all structures.

The shifts calculated for B-barrels of various sizes are rather
independent of the number of strands in the barrel, whereas
those calculated for flat antiparallel B-sheets increase with the
number of strands in the sheet, in particular for small sheets
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(see Table S4, ESIt). When the building block is a single strand,
the steepest dependency is between two and six strands,
whereas for building blocks of two and three strands, consider-
able sensitivity is observed up to 12 strands.

In contrast, the number of residues per strand has a minor
role: reducing it from 10 residues (9 complete amide groups) to
6 residues or 4 residues, decreases the '*>C-band shift by at most
0.5 cm™ " using the strand building block and sheets with 6 and
12 strands (see Table S4, ESIY).

A further influence that we considered is that of intra-chain
coupling where the dominant contribution is the interaction
between the nearest neighbors. This interaction depends on
the backbone dihedral angles and can be smaller or larger
than for ideal antiparallel B-sheets when the dihedral angles
deviate from the ideal values.**>' In the context of the
evaluation of our dodecamer results (see below), we tested
the effect of reducing the intra-chain nearest neighbor
coupling to 1/3 of the original value. This required us to
increase the magnitude of the dipole derivative in order to
match the splitting of the B-sheet bands of experiment and
calculation. This led to stronger interstrand coupling and thus
to a larger C-band shift (4 cm™" larger for a 12-stranded
sheet and the single strand building block).

= 25

e

= 20

.‘;

- 156

§ m Single strand
m 2-strand

«L)I) 1 0 I [ 1 3-strand

- 5

1

P 0

10° 20° 30°
Angle of dipole derivative

Fig. 7 0.1 - 1*C-band shifts, averaged from sets of four B-sheets and
four B-barrels, using different angles of the dipole derivative. The calcula-
tion parameters were adjusted to match the all-unlabeled experimental
spectrum for AB4o. Because of the adjustment, the magnitude of the dipole
derivative had to be increased when we increased the angle of the dipole
derivative. A higher magnitude led to a slightly stronger coupling between
the strands, so the shifts of the *C-band position for the three building
blocks are somewhat larger for larger angles.
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Influence of the dipole derivative angle

The angle of the dipole derivative with respect to the C—0 bond
is a parameter that could not be adjusted from a comparison
with experiment. Instead, we used fixed values of 10°, 20°, and
30° for a sub-set of four sheets (4, 6, 12 and 24 strands) and four
barrels (8, 12, 18 and 22 strands). Similar *C-band shifts were
found for these angles, which are shown in Fig. 7 and tabulated
in Table 2. They demonstrate that the calculation results are
robust against a change in dipole derivative angle. Therefore, we
will discuss only the results for an angle of 20° in the following.

A, oligomers

Fig. 8 shows the average *C-band shifts obtained for the AB,o
calculations and Table 2 collates the 0.1 — 1 *C-band shifts.
The figure shows that the "*C-band shift depends on the
building block that each peptide monomer contributes to the
oligomer structure. The shifts at 10% and 25% **C-peptide content
are largest for the strand building block, smaller for the 2-strand
building block and even smaller for the 3-strand building block.
For a particular building block, the standard deviation for
all model structures is smaller than the difference between

25 T T
—average - single strand
. ——average - 2-strand
‘TE 20+ ---average - 3 strand 1
S experiment Aﬂ4o
15
<
(%]
-8 ..........
S0 1T T
=
O
L 5
0 i 1 L G-
0 0.2 0.4 0.6 0.8 1

Molar fraction of labeled peptide

Fig. 8 Experimental and simulated *C-band shifts for AB4o oligomers.
The calculations were done for 18 model structures (see text) with a dipole
derivative angle of 20° and the obtained band shifts averaged. The black
solid line is the average *C-band shift using the single strand building
block. The dash-dot line is the average **C-band shift using the 2-strand
building block. The dashed line is the average *C-band shift using the
3-strand building block. The grey solid line shows the experimental **C-
band shift. The error bars indicate the standard deviations of the band
positions calculated for the different model structures.

Table 2 Resume of the listed experimental and calculated 0.1 — 1 *3C-band shifts. The term 0.1 — 1 **C-band shift indicates a shift of the position of the
13C-pband in the 1600-1580 cm™ spectral range upon changing the *C :*2C ratio from 0.1 to 1

0.1 —» 1 C-band shift (in em ") + standard deviation

Single strand

2-strand block

3-strand block Interlaced model 1 Interlaced model 2

AB4o Experiment 11.1
Angle: 10° 182+ 1.4 11.6 £ 1.8
Angle: 20° 19.2 £ 1.1 12.3 £ 1.3
Angle: 30° 20.1 £1.3 12.5 + 1.8
Angle: 20° - dodecamer 12.5

AB4o Experiment 8.5
Angle: 20° - sheet 17.1 11.5
Angle: 20° - barrel 18.6 11.7
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different building blocks (see Fig. 8). Accordingly, the >C-band
shift is more sensitive to the nature of the building block
than to the particular structure used for the calculation. This
demonstrates that the >C-band shift can be used to study the
internal structure of individual peptides in Ap oligomers.

The "*C-band shifts for the interlaced building blocks are in
between the shifts for the single strand and the 2-strand
building blocks. They are listed in Table 2, but not shown in
Fig. 8. The results can be explained at the limiting case of
highly diluted labeled peptide. Then the neighboring peptides
will be unlabeled and the insertion of one or two unlabeled
strands between the two strands of the labeled peptide weakens
the coupling between the labeled strands, which leads to a
higher *C-band position than in the case of two adjacent
strands.

The experimental *C-band shift is shown as grey line in
Fig. 8. The 0.1 — 1 '*C-band shift is 11.1 em~" which is very
close to the average shift calculated for our model structures
and the 2-strand building block (12.3 em ™). This shift depends
to some degree on the structure of the B-sheets (see section
Influence of B-sheet structure), which is reflected in the error
bars in Fig. 8. For example, when a sheet consists of only two
strands, the calculated 0.1 — 1 "*C-band shift for the single
strand building block is 12.6 em™", which is close to the shift
observed experimentally for AB,,. However, such a small sheet
with only two strands can be excluded from the experimental
position of the main B-sheet band as further discussed below
(see section Structural constraints from experiments and calcu-
lations for AP oligomers). In conclusion, our results indicate
that each AB,, molecule contributes two adjacent strands to the
B-sheets of the oligomers.

In addition to our model structures, we investigated a
structure obtained by X-ray crystallography of a modified
AB47-36 peptide. The structure of this peptide has been stabi-
lized by introducing a disulfide bridge between residues 24 and
29 and by linking the N- and C-terminus via an ornithine
molecule. In the X-ray structure (pdb entry SHOW??), each
peptide forms a P-hairpin and assembles with two other
peptides in a triangular unit that consists of distorted
4-stranded B-sheets at both ends of the hairpins. Four triangu-
lar units assemble to a dodecamer, which was used in our
calculations. Because of the B-hairpin structure of individual
peptides, this structure corresponds to our 2-strand building
block. In our calculation the 0.1 — 1 "*C-band shift is
12.5 em™ " It is close to the average shift calculated with the
2-strand building block for our model structures (12.3 cm™").
This shift seems to be caused by two opposing effects. (i) The
small number of strands in the sheet of the triangular unit is
expected to cause a smaller ">C-band shift. An even smaller
shift of only 8.3 cm ™" was calculated for a model sheet with four
strands and the 2-strand building block (Table S4, ESIY). (ii)
The deviation of the dihedral angles from those of an ideal
antiparallel B-sheet is expected to increase the *C-band shift.
An inspection of the Ramachandran plot of the structure
revealed that many dihedral backbone angles deviate from
those of an ideal antiparallel sheet. The average angles were
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® = —98.5° and ¥ = 113.4° (the dihedral angles of our ideal
antiparallel B-sheets were —138.6° and 134.5° respectively).
These angles lead to a weaker nearest neighbor coupling®®
which generates a larger *C-band shift with our approach as
discussed above in section Influence of B-sheet structure.
Taken together, the *C-band shift calculated for the dodeca-
mer structure can be explained by the small number of strands
in the sheets and a smaller nearest neighbor coupling than in
ideal sheets.

We note that the calculated all-unlabeled spectrum of the
dodecamer contains two bands at 1622 and 1639 cm ™' in the
main region of B-sheet absorption. The higher wavenumber
band is not observed in our experiments.

Summarizing the results for the 0.1 — 1 *C-band shift of
APy oligomers, the experimental shift is close to that calcu-
lated for the dodecamer and to the average shift of B-sheets and
B-barrels when the building block consists of two adjacent
strands. We conclude that our experimental isotope shift for
AP, oligomers is well explained by B-sheet structures in which
individual AB,4, peptides adopt a B-hairpin structure.

AB,, oligomers

In Ay, oligomers, the experimental 0.1 — 1 “C-band shift is
8.5 cm ™!, which is less than for AB4 (11.1 cm ™). For our ARy,
calculations, we considered only one B-sheet and one B-barrel,
both with 12 strands. These particular structures were chosen
because they generate "*C-band shifts close to the average shifts
in the APy calculations shown in Fig. 8. Their calculated
12C-spectra were matched to the experimental spectrum and
the *C-band positions of isotope mixtures are shown in Fig. 9
for the three building blocks. Table 2 lists the *C-band shifts
obtained. As shown in Fig. 9, the experimental *C-band shift
matches closely the calculated shift for the 3-strand model.
This might indicate that individual AB,, peptides contribute
more than two adjacent strands to the -sheets of the oligomers.
We consider this conclusion to be valid for sheets of moderate
size (12 and more strands). However, when the number of
strands per sheet is smaller, the *C-band shift is also smaller

25 —sheet, 12 strands, single strand
- ~-sheet, 12 strands, 2-strand
< 20 ---sheet, 12 strands, 3-strand
g —barrel, 12 strands, strand
;:’15 ——barrel, 12 strands, 2-strand
= ---barrel, 12 strands, 3-strand
_g - experiment Ag,,
§ 10 =
O
e 5
0
0 0.2 0.4 0.6 0.8 1

Molar fraction of labeled peptide

Fig. 9 Experimental and simulated **C-band shifts for AB,, oligomers for
two specific models: a sheet and a barrel, each composed of 12 strands.
The dipole derivative angle was 20°. Each model is represented by a
different color, while the three building blocks are shown using three
different line style (as in Fig. 8). Experimental band positions are shown
using a grey solid line.
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and is similar to the experimental shift for a 4-stranded sheet
calculated with the 2-strand building block. Therefore, we can-
not exclude that the building block consists of only two strands.
We conclude that the B-sheets of AB,, either contain a small
number of strands, where each peptide molecule contributes
a P-hairpin, or contain a larger number of strands, where
each peptide contributes more than two adjacent strands to
the B-sheets.

Discussion
Comparison with previous infrared studies

We studied the effects of the isotope composition of -sheets on
the amide I infrared spectrum. We focused on the "*C-band
shift in order to elucidate the internal structure of Af peptides
in AB4, and AP, oligomers. For all model structures investi-
gated, the shift depends on the structural unit (building block)
that each individual peptide molecule contributes to the struc-
ture of the oligomers. The differences between the shifts of
different building blocks were larger than the standard devia-
tions calculated from the results for different model structures
and therefore are useful for structural studies. This is particu-
larly true for the most diluted cases (0.1 and 0.25 **C: **C-ratio)
which highlights their importance for the analysis.>

Related to this work, Matos et al.®® investigated mixtures
of AB,, and pyroglutamylated AB;_4,. Upon admixture of 50%
pyroglutamylated ">C-AB;_4, to APy, they observed an upshift
of the *C-AB,, band from 1585 cm™"' to 1595 cm™'. This is
much larger than the shift of 3 cm™" for the corresponding
isotope dilution step for our AB,, oligomers, and of 6 cm™* for
our AP, oligomers. Therefore, the structure of an AB,, peptide
in the aggregates with pyroglutamylated AB;_4, seems to be
different from that in our AB,, and AB,, homo-oligomers as
well as in our AB4y:ABs, hetero-oligomers. The 10 cm™* shift
observed by Matos et al. is slightly larger than the average shifts
for the single strand building block calculated for our model
structures (Fig. 8 and 9). Therefore, individual AB,, molecules
likely contribute only a single strand to the aggregates with
pyroglutamylated AB;_4,.

Moran et al.’® investigated amyloid fibrils formed by the eye
lens protein yD-crystallin in *H,0. Their 0.1 — 1 *C-band shift
of 22 em™" was judged to be consistent with contributions of
either one or two strands per protein.’® An even larger shift of
nearly 30 cm™ " was observed for thermally induced aggregates,
which is consistent with a contribution of one strand per
protein to the B-sheets of the aggregates.”” We note that both
the unlabeled and labeled yD-crystallin aggregates exhibit
lower band positions than our Af samples, which seems to
indicate stronger interstrand coupling and thus explains that
Moran et al. observe larger shifts than we calculate.

From a similar isotope dilution experiment, Buchanan
et al.”® concluded that each monomer within their antiparallel
polyQ amyloid fibrils contributes two adjacent strands. Their
experimental 0.1 — 1 "*C-band shift of 12 cm ™" is close to our
average shifts for the 2-strand block (11.6 em ™, 12.3 em™ ' and
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12.5 ecm ™" for the APy, calculations and dipole derivative angles
of 10°, 20°, and 30° respectively) demonstrating agreement
between the two studies.

Structural constraints from experiments and calculations for A
oligomers

In the present study, we analyzed the '*C-band shift of AB
oligomers that contained a mixture of labeled and unlabeled
peptides. Because the structure of Ap oligomers is debated, we
used a large number of model structures for our analysis. We
also matched the calculations to the experimental spectra. This
approach removed two biases - those of selecting a particular
structure and particular calculation parameters. This made
possible a direct quantitative comparison between experiment
and calculations. It turned out that the results were robust in
the sense that different internal structures of AP produce
quantitatively different shifts irrespective of the particular over-
all B-sheet structure used for the calculations. For further
improvement of the calculations, more information about the
structure of AP oligomers is needed.

According to the results of our study, AR molecules con-
tribute more than just a single strand to the structure of
the oligomers. Also the two interlaced building blocks, the
3C-band shifts of which are located between those of the single
strand block and of the 2-strand block, failed to reproduce the
experimentally observed shifts. Instead, our experiments with
AB4 are best described by a contribution of two adjacent
strands from each peptide molecule. For AB,,, contributions
of two or more adjacent strands are possible or a combination
of these. These structural constraints are fulfilled by (successive)
B-hairpins, which are also in line with the antiparallel orienta-
tion of the B-strands inferred from the observation of a distinct
high wavenumber band.

A further structural constraint can be derived from the band
position of the main B-sheet band and the splitting between
high and low wavenumber band, which are sensitive to the
number of strands in a sheet.”>’® For the all-unlabeled samples
it is found below 1626 cm ™" for both peptides and the splitting
is ~60 cm ™. Designed B-hairpins and 3-stranded antiparallel
sheets absorb at a higher wavenumber, near ~1635 cm™ " in
*H,0, and the splitting is smaller: ~40 cm™*.”°®! From this
comparison we deduce that the B-sheets of our Ap oligomers
are formed by at least four strands.

We conclude that our experimental spectra and '*C-band
shifts can be well explained by flat, antiparallel B-sheets or by
B-barrels with at least four strands in which each peptide
molecule contributes two adjacent strands to AB,, oligomers
and two or more adjacent strands to A,, oligomers. Less
uniform structures than flat sheets and barrels, like that of the
dodecamer,?® are likely to produce more distinct bands than
the two bands that we observed.

In our previous study,’® we studied AP4:ABs, hetero-
oligomers in which one of the peptides was labeled. A compar-
ison with homo-oligomers (see Fig. 2 of that publication) shows
very similar shifts of the **C-band upon isotope enrichment which
we regard identical within experimental error. This indicates that
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the structure of each peptide is similar in homo- and hetero-
oligomers.

Our structural constraints are consistent with oligomer
models that propose a hairpin structure for individual peptide
molecules.'””****8> They are also in line with the suggestion
that AB4, may fold into units with more strands per molecule.”"
Models in which a considerable section of the peptide con-
tributes only one strand to the oligomers'®'® do not well
explain the isotope effect seen for our oligomers. The hairpins
should be organized in a B-sheet with at least four strands or in
a B-barrel. The latter has been suggested previously** on the
basis of the infrared absorption spectrum. Sheets and barrels
with little structural distortions account well for our data. The
trends seen in our results can be generalized also to other
aggregating peptides. Those aggregates with amide I band
positions similar to ours will produce *C-band shifts that
can be compared quantitatively to our calculations. This
enables to deduce the internal structure of individual peptide
molecules in these aggregates.
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