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METHODS
NMR Spectroscopic Characterization of GNNQQNY and GQNNGQNY peptides.

To characterize the initial conformation of GNNQQNY and to corroborate the prediction based on our
MD results that the rigidity and interactions of the central residues play key roles in nascent GNNQQNY
oligomerization, we studied the conformation of this heptapeptide and a negative control peptide, in
which the position of Glyl and GIn4 are switched, by NMR spectroscopy. By placing Gly, a flexible
residue whose side chain is unable to replace the interactions formed by GIn’s side chain, we expect that
oligomer formation will be blocked. To prevent the formation of pyroglutamate at the N-terminus, we
added an additional Gly at the N-terminus. Thus the sequence of this negative control peptide is GlyO-
GIn1-Asn2-Asn3-Gly4-GIn5-Asn6-Tyr7, with the switched residues written in bold. This peptide and the
Sup35 wild type heptapeptide: Glyl-Asn2-Asn3-GIn4-GIn5-Asn6-Tyr7, were obtained from Genescript
Corp. They are over 95% pure (HPLC) and their identities were confirmed by MALDI-TOF mass
spectrometry and NMR spectroscopy.

NMR spectra were acquired on a Bruker 600 & 800 MHz (*H) spectrometers equipped with a triple
resonance cryoprobes and Z-gradients at 25.0 9C, in 90% H,0/ 10% D,0 with 50 uM DSS as the internal
chemical shift standard, 10 mM ZnCl, and 10 mM deuterated sodium acetate/acetic acid (pH 5.1). These
solution conditions are similar to those used for crystallization by Eisenberg and coworkers’. The peptide
concentration was 3.44 mM for the wild type peptide and slightly higher, 3.67 mM, for the negative
control peptide. We acquired the following spectra: 1D *H (32 transients) and 2D *H TOCSY (mixing time
60 ms, 8 transients per increment, 512 increments in the 2 dimension), 2D *H ROESY (spinlock time 300
ms, 64 transients per increment, 512 increments in the 2" dimension), *H-*C HSQC (256 transients per
increment, 128 increments in the **C dimension) and *H-">N HSQC (512 — 1024 transients per increment,
128 increments in the °N dimension).

Bimolecular Association Kinetics Calculation
An estimate for the bimolecular association rate constant can be derived from Fick’s first law of diffusion:
k=47 r,(Ds,Dsy) -10% N,

where r, is the distance between the centers during the encounter (assumed to be a 1 nm), D, is the
diffusion constant (about 32.5*107 for a 840 Da peptide and about 25.2-107 for the 1680 Da dimer at 20
oC in H,0) and No is Avogadro’s number (Cantor & Schimmel Biophysical Chemistry (1980) WH Freeman
& Co. NY page 921) This gives a value of 4.37*10° M™s™ for the bimolecular association constant. From
this value, it can be calculated that there would be 284 contacts per 65 ns at 1 M concentration, or 1
contact per 65 ns at 3.5 mM of heptapeptide. We think that this estimate is a ballpark figure; all
encounters are unlikely to be productive, so a higher concentration of peptide might be needed to drive
oligomerization. On the other hand, four of the six simulations of the S2 dimer did not dissociate even
after 100 ns. Therefore, it is likely that the monomer would, on average, have longer than 65 ns to
encounter S2, and therefore, a lower monomer concentration would be required to further
oligomerization.
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Molecular dynamics simulations

The models for the peptide structures are based on the X-ray crystal experimental data1 (PDB code 1YJP),
and were generated with PyMOL. Since previous work has shown the importance of electrostatics in the
aggregation of S.up352 we have capped the termini residues of each peptide in order to mimic the
behaviour of the full peptide sequence. GNNQQNY is just a short heptapeptide segment in a loop of a
large 680-residue protein. Thus, in order to represent more accurately the behavior of this aggregating
segment, the peptide was amidated at the C-terminus and acetylated in the N-terminus. However, as the
peptide with charged termini has been studied extensively by crystallography and computational
methods, we have also performed additional simulations with the terminal charges present.

For all the MD simulations, we employed the GROMACS package, version 4.5.5.3 The structures were

placed in a cubic box leaving at least 1.0 nm between any atom of the solvent molecules and the box
. .4 . .
edges. Parameters from the amber99sb-ildn force field were applied to all the simulated systems,

solvated with TIP?:P5 water molecules. The choice of this force field is based on its appropriateness for
amyloid-like systems®. Short-range nonbonded interactions were cut off at 1 nm, with long-range
electrostatics calculated using the particle mesh Ewald (PME) algorithm7 and application of dispersion-
correction to account for van der Waals interactions at distances longer than the cut off. Periodic
boundary conditions were applied in all directions.

After steepest descents minimization, two equilibration periods were done using the Berendsen8
coupling algorithm. Once the temperature and pressure were properly set to 300 K and 1 bar (500 ps and

2 ns runs, respectively) with heavy atom positions restrained with the LINCS.9 algorithm, the MD

simulations were produce with the Nosé-Hoover10 thermostat and the Parrinello-Rahman11 barostat in
absence of restraints, with time constants of 0.5 and 1.0 ps, respectively. A time step of 2 fs was used in
both the equilibration stages and the MD run. Distinct initial velocities were utilized to ensure the
independence of the different MD runs starting on the same structure. This is a standard procedure to
allow the system, which starts from the same structure, to evolve through different trajectories
thereby resulting in different simulations. This procedure is done at the start of a simulation; just after
defining the topology of the system is defined and following the energy minimization step, one uses a
random seed to generate random initial velocities that will allow the system to reach a Maxwell
distribution. The root mean square displacement was calculated for all of the simulated systems to
assess the kinetic stability of all the structures.

To further corroborate these results, we performed a series of additional simulations. Even though the
500 ns simulations are in principle long enough to consider proper sampling, it has been recently shown
that in some cases performing multiple simulations for shorter periods of time is a better gauge of the

reproducibilitylz. By using both approaches, we can ensure that a thorough sampling was done.

These additional runs corroborate that S2 is clearly more stable than S1-S1. The latter exhibits a dual
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behavior: it either dissociates or rearranges into an anti-parallel B-sheet, but none of these simulations
lasts longer than 10 ns as a “layer”, which is the proposed biological assembly®. In the layer-like structure
(i.e., S1:S1) the stabilizing interactions are due to side chain intermeshing and not due to the formation
H-bonds as in the S2-like antiparallel structure. The rapid dissociation or alternation of the S1-S1
structure indicates that these side chain interactions are relatively weak. On the basis of its ephemeral
stability, we conclude that the possibility of the S1-S1 intermediate persisting long enough so that other
monomers can join it is negligibly small, when it is uncharged. See below for a description of the
behavior when the terminal charges are present (Sup. Fig. 1 & 2).

For $3, since the RMSD reveals a remarkable stability in multiple 100 ns runs, all of which showed similar
behavior, as well as a long 500 ns simulation, we conclude that this structural motif lasts long enough to
be the most important intermediate in the formation of the seed for aggregation (Sup. Fig. 3).

$2:S2 showed significant structural changes during the course of the 500 ns run; one monomer
dissociates and the other three evolve towards an $3-like configuration. The results reported in
Supplementary Figure 4 show that in only one out of five 100 ns simulations did the motif remain stable
without any significant structural rearrangement.

To address whether the dry interface could be formed in some intermediate structures not considered in
the above cases, two additional oligomers, named $2-51 and $3-5S2 were tested. The first consists of a S2
dimer with a monomer docked laterally through sidechain packing, whereas the last is a S3 plus S2
interacting system through their intermeshed sidechains. Both the two system consider the dry interface
formation.

Supporting Figure 5 describes the behavior of $2:5S1 through the RMSD, considering the situations in
which the peptides are either charged or with the terminal residues neutralized. Similarly, Sup. Figure 6
explains the results observed of the analogous $3:52 system. For the $2-51 system, a dry interface cannot
be formed, whereas in the case of an $§3-5S2 arrangement some effective sidechain intermeshing was
found to take place (Sup. Fig. 6). However, its structural stability is considerably lower than that of the
$3-53 system, hence we conclude that the dry interface is most likely to definitely form when the mating
sheets have a minimal length of three strands (S3).

We conclude that the $3 trimer is to be the key intermediate leading to the $3-83 nucleus for the
following reasons: 1) The dry interface is not prone to form with two or four monomers, $1:S1 or $2:S2,
respectively), 2) The $3 trimer is stable in the long 500 ns simulation and multiple 100 ns simulations,
and 3) Two S3 trimers were observed to combine to form $3-53 (Fig. 4 & Sup. Fig. 11). We consider $3-S3
to be the “nucleus”, since it is the smallest structure showing the amyloid-like properties derived from
experimental data in a solvated context, that is, similar H-bonding pattern, amide stacking and sidechain
intermeshing (i.e., dry interface formation) as well as a high stability as evidenced by its lack of
dissociation or structural alteration after 100 ns of simulation (Sup. Fig. 12).
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ONIOM calculations

The ONIOM™ methodology permits the division of the system. Here, we made a two-region partition to
use two different levels of theory, resulting in the so-called low and high layers. The former was
modelled with the PM614 semiempirical method, whereas we employed DFT for the latter. For these QM
calculations, we optimized the geometry with the B3LYP functional and the 6-311+G(d,p) basis set,
accounting for dispersion and polarization effects. This functional was chosen for the geometry
optimization procedure since it is well known to yield very good results when applied to organic systems.

Recently, a very similar approach to dissect L-asparaginase II's enzymatic mechanism has been

described.15

The high layer consists of all side chain amide groups, since they are involved in the H-bonding and
experience hyperpolarization upon monomer additionls. Thus, a monomer contains 5 amide residues
times 5 amide atoms = 25 QM atoms. Accordingly, $3 contains 75 QM atoms and $3-53, 150.

Since PM6 can deal with B-sheet backbone—backbone hydrogen bonds, the low layer includes the rest of
the peptide, i.e., capping atoms CH;CO- and -NH,, first and last residues of each strand (Tyr and Gly), and
amide backbone atoms.

With respect to the basis set, even though the inclusion of diffuse functions has been reported to

substantially raise the computational cost without notably increasing the optimized geometries,17 we
decided to perform our calculations with these functions on heavy atoms. To this end, we performed our
calculations in a multi-step way to ensure a smooth convergence. First, we froze the Ca. atoms to keep
the backbone at its experimental position and used the 6-31+G(d) basis set. After that, we employed that
optimized structure to be re-optimized with the larger basis set 6-311+G(d), adding 18 extra basis
functions to the former. Finally, we performed a 6-311+G(d,p) calculation without any restraints, which
adds polarization functions to hydrogen atoms with respect to the previous steps. By this procedure, we
obtained the fully relaxed geometry with the appropriate description of the H-bonds between amide
groups.

Having seen that the S3 trimer has a remarkable stability upon twisting ($3), one may ask what is the
energetic bonus afforded by this structural rearrangement. The hydrogen bonds between the strands
within a sheet are stronger than those for water in ice, as determined by Baker16 et al. However, in that
manuscript it was advanced that the physiological twisted fibrils may possess higher interaction energy,
since those calculations where performed in gas phase and with boundary conditions to account for an
infinite system. Moreover, no relaxation/optimization was described, presumably due to the high
computational cost. To properly quantify the effect of the twist, we followed a subtractive scheme
similar to that of Martin-Pintado et al.18 We first defined the S3 trimer as State A, which reproduces the
crystallographic experimental data. State B is the twisted structure resulting from averaging over the 500
ns trajectory, $3. The all-atom contribution to the intra- and intermolecular interaction energies within
the strands can be obtained from the fully optimized straight and twisted trimers, named States A & B,

5
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by sequential removal of the strands (Figure 2, main text). The overall energy difference between §3, S2,
S$1 & S3, S2, S1 with respect to the trimers allows for a direct estimation of the energetic contribution of
the twist to the global stability (i.e., the gain in interaction energy due to the different hydrogen bonding
pattern.)

The choice of the averaged structure as representative of the twisted conformer is based on the low
RMSD obtained when fitting the frames of the trajectory to this system, as depicted in Sup Fig.12.

The kinetic MD-based study as well as the ONIOM calculation showed that the trimer §3 is extremely
stable and we propose that this is the key kernel structure for amyloidogenesis. The dry interface can
only be effectively formed when two of these units mutually interact, since the energy contribution of
their sidechain-sidechain contacts is too low when less than three strands per sheet are present. To
quantify this value, the interaction energy of two $3 trimers combining to yield the nucleus $3-583 is a
direct measure of the energy required for the dry interface formation. To estimate this magnitude, we
again performed ONIOM calculations, to keep all the results at the same level of theory. For the $3
system, the choice of the averaged structure is justified based on the remarkably low RMSD value (Sup.
Fig. 13). The $3-53 structure was also averaged over the last 40 ns for this purpose, and to be sure that
we were computing the interaction energy with the corresponding systems in local minima, we also
performed frequency calculations that corroborate the absence of transition states in both the two
structures. To our knowledge, this is the first time that such time-consuming force constant calculations
are performed in a system of this size. The coordinates of the S3 & $3-S3 systems used as Gaussian09
input files for ONIOM (DFT:PM6) interaction energies and frequency calculations are listed in Sup. Table
5.

With respect to the $3-52 system, which exhibits subtle structural distortion although a dry interface
might be formed, the interaction energy for these contacts have been computed over different
snapshots of the last 10 ns of the trajectory, averaging the corresponding values (See Sup. Table 2.)

The gain of interaction energy upon twisting was also calculated at the M06-2X/6-311+G(d,p) level, since
. . 19 . . . .
this functional™™ was derived for the computation of non-covalent interactions and has been successfully

applied to biological systems.18 This procedure yielded very similar results (Sup. Table 2).

All the calculations were performed using a solvation continuum model (PCM) with the Gaussian0920
package, allowing the effect of solute polarization to be included and avoiding the higher energies
derived from gas-phase calculations.

Charged vs. Capped Systems: Two distinct pathways towards the seed formation
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We have shown that the smallest stable structural motif that can act as a seed for further nucleation in
Sup35 is a twisted three-stranded parallel B-sheet ($3). The kinetic study shows that the most plausible
pathway towards the formation of the $3:53 seed of Sup35 can be schematized as:

Monomer (x2) = $2 = $3 = intermeshing (53-53)
The alternative pathway:
Monomer (x2) = S1:S1 > §2-:52 > $3-53
is shown to be kinetically unstable.

This is the situation for the peptides with neutral termini (i.e., in the context of the full-length protein).
However, it seems that for the heptapeptide with charged termini, both are plausible since the
electrostatic interactions help hold the two chains together, stabilizing the side chain intermeshed
conformation against dissociation.

To explain how the electrostatic repulsion that arises from the proximity of charged termini is overcome,
we have simulated the dynamics of +GNY-, +GNNY-, +GNNQY-, +GNNQQY- & +GNNQQNY- peptides in a
two-stranded parallel B-sheet. We have run 100 ns of MD on each structure, with the same settings that
were listed in the Molecular Dynamics Simulations section. Taking into account that 11 H-bonds are
formed between two strands (6 backbone-backbone & 5 sidechain-sidechain), we could determine the
minimal number of H-bonds necessary to overcome the electrostatic repulsion. As summarized in Table
S2 at least 7 H-bonds (arising from 2 GNNQY pentapeptides) are needed to achieve stability.

Considering growing B-sheets composed of charged +GNNQQNY- peptides, they can be expected to be
more stable due to hyperpolarization of the H-bonding amide groups. Twisting, which manifests itself in
dimers, trimers and larger oligomers, will also stabilize B-sheets composed of peptides with charged
termini since twisting separates groups carrying like charges, thus reducing their electrostatic repulsion.

SUPPLEMENTARY FIGURES

Figure S1: root mean square deviation (RMSD) for the $1:S1 dimer. The first 100 ns of the 500 ns run of
the simulation presented in the main text (Figure 1) is shown in brown. The kinetic stability of an $1-S1
arrangement is tested, where side chain intermeshing provides the main force holding two peptides
together. In two simulations ( and brown), the dimer completely unfolds and dissociates. In two
other simulations (green and blue) the starting structure is largely maintained but the termini undergo
significant changes to optimize the formation of a set of stabilizing contacts, which are different from
those present in the starting structure. In two other structures (red and black) the starting $1-S1
conformation transforms structurally into a pair of H-bonded, anti-parallel B-strands. These results
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suggest that the stabilizing contribution afforded by the intermeshing side chains is small. The RMSD
values plotted are for both peptides in each dimer (and not to individual peptides).
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Figure S2: Root mean square deviation (RMSD) for the S2 system. The brown trace represents the first
100 ns of the 500 ns MD run presented in the main text (Figure 1). The other trajectories correspond to
repetitions of the simulations to test the convergence of the results. Interestingly, after 100 ns, four out
of six S2 dimers retain conformations closely resemble the starting structure. Two S2 dimers significantly
unfold after 60-80 ns, one of which, in brown, dissociates (note that the second brown monomer is in
the distant background). As in Figure S1, the RMSD values plotted are for both peptides in each dimer,
and not to individual peptides.
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Figure S3: RMSD for the $3 (which twists to become $3 in the equilibrium stage). As in other
supplementary figures, the brown run represents the first 100 ns of the 500 ns run shown in Figure 1a in
the main text. In all the other independent MD calculations (run for 100 ns and shown in black, blue,
red, and green), the structures maintain a twisted three stranded [3-sheet which minimal
structural deviations. This is evidence that twisting provides extraordinary conformational stability. The
reproducibility of the results corroborates our proposal that the $3 structure is highly stable and acts to
seed GNNQQNY fibril growth. The RMSD values plotted are for all three peptides in each trimer.
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Figure S4: RMSD for the $2:S2 system. Here the black trace corresponds to Figure 1b of the main text
(i.e., the first 100 ns of the 500 ns run). This structure is not stable enough to be considered as a key
intermediate in Sup35 oligomerization, as can be seen below. All of the snapshots represent the last
frame of the trajectory. Only in one case is the starting $2-52 configuration retained, although it is highly
distorted (green). In two simulations (shown in black and red), one peptide dissociates and the structure
evolves towards an $3-like system, whereas in the other case (blue) it seems to convert into a four
stranded B-sheet. The last frame of this four stranded -sheet was subjected to an additional 100 ns of
MD to test its kinetic stability ( ). The sidechains of these two last systems are not shown to
highlight their secondary structure, since they differ from the all-parallel B-sheet. These structures might
dissociate into two S2 systems and evolve along our proposed pathway into a seed for amyloid
formation (see Figure 3 in the main text). The RMSD values plotted are for correspond to the entire

tetrameric assembly.
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Figure S5: root mean square deviation (RMSD) for the $2-S1 system. When the system is charged, its
behavior is similar to that of +51-S1- and when termini residues are neutral, it resembles S2 trajectories.
The RMSD values shown here, and the remaining figures, correspond to the whole system, not individual

peptides.
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Figure S6: Root mean square fluctuation (RMSF) calculated for all the $3 structures over the 500 ns
trajectory. It is important to note that the lower values correspond to the residues that form the dry
interface in the fibril. The fact that this low mobility originates when S3 twists to yield $3 suggests that
side chain packing to yield the dry interface must proceed after $3 forms, as can be seen in the proposed

mechanism in Supplementary Figure 11.
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Figure S7: Root mean square deviation (RMSD) of the NQYGQNQ mutant. The wt sequence (GNNQQNY)
was altered to break up the N-X-Q-X-N motif which had been proposed by Nelson et al (Nature, 2005)" to
be key for dry interface stability. The substitutions N3Y and Q4G impede the formation of stable 3-sheet
structures, as gauged from three independent 100 ns simulations in which the RMSD value is higher than
0.5 nm. This is evidence that this force field is not biasing these Q/N rich sequences towards any
particular conformation, and is therefore appropriate for this system.
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Figure S8: Characterization of GQNNGQNY and GNNQQNY peptides by NMR:
Removal of the central Q4 contacts results in non-aggregating systems.

The NMR chemical shift assignments were obtained by a standard approach utilizing TOCSY crosspeaks
to assign intra-residue spin systems and ROESY crosspeaks to establish their sequential linkage. These *H
assignments were corroborated and *>C & "N assignments were obtained by analysis of the *H-*C & 'H-
N HSQC spectra. Some medium range ROE crosspeaks were seen between the side chain HB and Hy of
GIn 5 and the HS and He of Tyr 7. In the case of the wild type sequence, we observed that three spin
systems, belonging to GIn 4, GIn 5 and Asn 6, share a very similar chemical shift value for their *HN and
are overlapped in the 1D 'H spectra. The presence of three 'HN groups here was confirmed by
integrating the peaks in the 1D *H spectrum, and the *H-°N HSQC spectrum. The *Ca, *Cp, N & 'Ha
chemical shift values (vide infra) measured for homologous 'H in both peptides similar to each other.
Once corrections for local sequence effects are applied, these values are very close to the standard
values for expected for short unstructured peptides, and no significant tendency towards partial alpha or
beta type backbone structure was detected. Some rather weak sequential "HNg — "HNg,,) ROESY
correlations were observed for both the peptides; these signals are consistent with small populations of
helix or turn-like conformations. In addition, a few low intensity peaks arising from medium range
contacts between the side chains of GIn 5 and Tyr 7 were also detected. These could arise when, for
example, the backbone is in an extended conformation so that the GIn 5 and Tyr 7 side chains project in
similar directions.

Based on these results, we conclude that these peptides, upon dissolving in aqueous solution,
initially adopt a broad ensemble of conformations. This conclusion is consistent with the findings of a *H
NMR study of GNNQQNY in 50% TFE.*®

Sup35: GNNQQNY Sup35 Negative Control: GANNGQNY
Residue 'H®N 'HuCo  H,“Cp H 'H312  'H522 | Residue 'H®N  H3Ca  'H,BCP H H12-  H822 or 'He22
BCy or or BCy or “Ne
He12  He22 1He12
15NS or 5Ne 15NS or
Gly0 385
436
Gly 1 386 Gin1* 871 439 209,199 235 754 6.6
4367 1198 5641 2096 3404 1123
Asn2 875 468 285278 7600 6941 | Asn2 869 471 285276 7.60 6.92
1187 5350  30.1%02 1128 1201 5361 3913 1132
Asn3 862 468 286,278 7590 693t | Asn3 852 472 284 7.58 6.90
1194 5384  39.1%0.2 113.0 1197 5365 39.05
1126
G4 834 429 211,198 233 750 684 | Glysa 842 393
1202 5632 2060 3447 1125 1089 4581
G5 8333 428 197,190 225 743 6.81 G5 811 433 199,190 225 745 6.82
1201 56.08 2079 3404 1124 1194 5582 2085 3400
1124
Asn6 834 470 276,265 7.53 6.86 Asn6 840 472 279,269 7.54 6.87
1202 5349 3937 1128 1203 5359 39.34
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113.0
Tyr7 7.76 443 3.08,2.90 710 6.81 Tyr7 7.66 4.40 3.08,2.92 7.06 6.78 (He)
1241 59.00 39.44 (H8) (He) 125.0 59.35 39.6 (H3)

1 Inter-residual ambiguity, *swapped relative to the wt sequence
The downfield region of the 1D *H NMR spectra of both peptides and these samples’ photographs after
five days of incubation are shown below:

o M _JU‘H

T T
7.0 ppm 85 8.0 7.5 7.0 ppm

|
"
e L L, R

Sup 35 GNNQQNY (/eft panel) 1 h (black spectrum) and 5 days (red spectrum & photo) after sample preparation. Sup 35

negative control (right panel) 1 h (dotted black spectrum) and 5 days (dashed blue spectrum and photo) after the sample was
dissolved.

After five days of incubation at room temperature, visible aggregates appear in the GNNQQNY sample.
Using the signal of DSS, as an internal intensity standard, we determined that 70% of GNNQQNY had
aggregated after five days of incubation (red vs. black spectra, vide supra). In contrast, the control
peptide showed no visible aggregates and no significant alternation in the NMR signal intensity after five
days. These results are in line with the somewhat lower backbone order parameters for the negative
control peptide with Gly 4 (vide infra) and support the conclusions drawn from the MD results on the

importance of the central residues, particularly GIn 4 in wild type GNNQQNY oligomerization.

16



Mompean et al. Elucidation of GNNQQNY Nascent Amyloidogenesis June 9", 2014

G1 N2 N3 Q4 Q5 N6 Y7
T T T T 1

—_

o
(o)

mmmsrmm= S2 NC
—t— 52 Wt

=
o

o
~

o
no

82 (predicted from chemical shifts)

o

GO Q1 N2 N3 G4 Q5 N6 Y7

The predicted order parameter (S2) of wt (black open squares) and the neg. control peptide (red open circles).

17



Mompean et al. Elucidation of GNNQQNY Nascent Amyloidogenesis June 9", 2014

Figure S9: Comparing charged versus neutral termini in S1-S1. If the terminal residues are charged, the
favorable electrostatic interactions increase the stability of this conformer. In contrast, the $1-S1 system

with capped, neutral termini quickly dissociates.
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Figure S10: RMSD for the $3-S2 system. Three different simulations were performed, varying the initial
velocities on each atom (red) or the initial configuration (green), with respect to the initial one (black)
In all cases, the RMSD was calculated with respect to the corresponding averaged structures.
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Figure S11: Stability of the trimers. The stability of the $3 trimers that evolve towards combining to form
the $3-83 hexamer (Figure 4, main text) were analyzed through their RMSD profiles. As expected from
the multiple runs on $3-like systems, they remained stable throughout the whole simulation period and
that twisted conformation is retained when the dry interface is formed. The color code used is that
corresponding to each of these trimers in Figure 4 in the main text.
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Figure S12: RMSD of the $3 system fit to the averaged structure (red) and initial one (black), when the
acetyl and amide terminal capping moieties are removed. S3’s remarkably stability is the reason for
choosing this conformer for the ONIOM calculations: as there are no substantial variations during the
whole trajectory, the averaged ensemble conformation is representative of all the frames
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Figure S13: Stability of $3-S3. TOP: The RMSD of the nucleus or seed for aggregation is shown below to
illustrate how this system is properly represented by the force field and the set of parameters used in
this study. The small fluctuations are mostly due to the acetyl and amide terminal moieties used to cap
the termini. The structures of the resulting trajectory were fitted to two reference conformations: the
initial one (at time zero, black curve) and the time-averaged conformation (red curve). BOTTOM:
Cartoon and stick representation of the last frame of the 100 ns run, showing the twisted $3- 53 system.

Hydrogen atoms are not shown for the sake of clarity.
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SUPPLEMENTARY TABLES

Table S1: Main findings in previous manuscripts analyzing GNNQQNY at atomic resolution.

Reference

(Balbirnie et al. 2001)2!

(Nelson et al. 2005)"

(Sawaya et al. 2007)22

(Tsemekhman et al.
2007)6

(Guo and Eisenberg
2008)%

(Lipfert et al. 2005)2¢

Chief Methodology

Domain mapping / X-
ray diffraction

X-ray crystallography

X-ray crystallography

Energetics by

Computation

X-ray crystallography

MD

Main Findings

Determined that a heptapeptide of the large Sup35 protein that is able to form long fibrils
(as seen by EM) that bind amyloid-specific dyes. By X-ray diffraction, the spacings
between the H-bonded (4.8 A) and van der Waals packed (10 A) peptides were
determined.

Determined the crystal structure of the Sup35 heptapeptide GNNQQNY with charged
termini and a Zn** coordinated to the C-terminal -COO- and N-terminal amine group.
The structure revealed the formation of a complete set of side chain and backbone H-
bonds. Each peptide forms a 3-strand that is anti-parallel to the fibril axis. There is no
twisting. The Sup. Materials of this paper provides ballpark estimates of the factors that
contribute to the fibril's conformational stability, emphasizing the importance of H-
bonding, close side chain packing, Tyr ring stacking and solvation, and suggest that
structural nucleus could be formed by < 6 peptides.

Determined the crystal structure of amyloid fibrils formed by several different short
peptides. Whereas all the fibrils exhibit very tight sidechain packing and complete H-
bond networks, there is a wide variation in the hydrophobicity, hydration and orientation
of the strands.

First attempt to measure the stabilizing bonus that should arise from hyper-polarization
of amide groups in the Sup35 amyloid fibril and the smaller oligomers that maintain the
same conformation. Did not consider twisting.

Determined the structure of NNQQNY inserted in a folded protein. This segment adopts
a twisted, antiparallel conformation that is incompatible with aggregation.

Observed that the release of water molecules drives oligomerization. They study the
system with charged termini. They see more disorder at the termini when the peptides
are aligned in parallel as compared to anti-parallel due to charge repulsion.

(Zheng et al. 2006)%

MD

Performed short (10 ns) simulations on small oligomers of different sizes based on the
X-ray structure of Nelson et al. 2005. Peptides have terminal charges. Simulate point
mutations. Recognize the importance of Q4, N6 & Y7 to stability. See that one sheet
with 3 or more B3-strands is stable. Propose that the nucleus could be as small as 3 or 4
peptides. Did not recognize the importance of twisting.
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(Esposito et al. 2006)26 MD Performed short simulations of longer oligomers of Sup35 in a fibril like conformation,
starting from X-ray structure. Discovered that the fibril, composed of peptides with
charged or neutral termini, undergoes left-handed twisting up to 10°. Report that the dry
interface, esp. Q4, is very rigid. Twisting leads to further dry interface contacts.

(deSimone et al. 2008)%" MD Utilized replica exchange MD to look at the stability of several small GNNQQNY
oligomers. See that “S3-S3” and larger oligomers are stable, and that “S3-S2” is border-
line. Emphasize that the exposed edge strands are “highly reactive”.

(Vitagliano et al. 2008)28 MD Utilized replicate exchange MD to determine the free energy surface for GNNQQNY
dimers whose strands are in parallel or anti-parallel orientations, for charged, half-
charged and neutral peptides. See that the energy differences between the two
orientations are subtle. Neutralizing the terminal charges favors the parallel orientation.

(Zhang et al. 2007a)2 MD Performed many simulations to follow the formation of GNNQQNY oligomers (dimers,
trimers & tetramers). See twisting already in these small oligomers. The peptides seem
to be charged. See that parallel b-sheets form faster and dissociate more slowly.

(Periole et al. 2009)% MD Determined that twisting is favored when the termini are neutral, and even more so
when they are charged. Likewise, solvent water is not essential for twisting, but does
stabilize the twisted form.

(Park et al. 2009)3! MD Measured the energetics for adding a strand to a fibril, for several different peptides,
including GNNQQNY. Find that the conformation adopted is determined by the
energetics.
van der Wel etal. 2007)®2  ssNMR ~~ Detected, via ssNMR measurements, the existence of polymorphism in Sup35 am( Field Code Changed

(vander Weletal. 2010)® ssNMR ~~ Reported three different types of fibrils; all are parallel, in-register B-sheets. \ Field Code Changed
(Wang et al. 2008)% MD Utilized RT (298K) and higher temperatures (up to 498 K) to follow the dissociation of

GNNQQNY duodecamers. Based on this, they propose a pathway for oligomer
formation which emphasizes the importance of “S3-S1” and “S2-S2” tetramers as key
intermediates/transition states. Peptides seem to have terminal charges and oligomers
are twisted. Assigned equal importance to H-bonds and van der Waals interactions.

(Reddy et al. 2009)3 MD Examined the process of the addition of GNNQQNY monomers initially in a random coil
state onto a preformed amyloid fibril. Emphasized the importance of dehydration of
GNNQQNY, a polar peptide, esp. compared to the same growth process for AB, a much
more hydrophobic peptide.

(Reddy et al. 2010)% MD Computational studies of GNNQQNY beta sheets docking to form the dry interface.
When two (3-sheets, each formed of 8 monomers, dock together, water molecules can
be trapped inside. These “water nanowires” are meta-stable for GNNQQNY but not
seen for AB, which is much more hydrophobic.

(Marshall et al. 2010)3" Linear Dichroism, X- ~ Monitored structural changes that occur when the Sup35 amyloid fibril crystallizes. Saw
ray diffraction, Tyr that the Tyr side chain undergoes important changes in conformation and exposure to
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fluorescence,
acrylamide quenching

solvent. Affirmed that the crystalline state is more stable than the fibril state.

(Portillo et al. 2012)2

ThT Fluor. AFM force

Measured the effect of variation of pH and ionic strengthen on the kinetics of amyloid

spectrometry formation (monitored by ThT fluorescence) and the interaction energy of Sup35 peptides
in a dimer (using AFM). Find that increasing the ionic strength and pH values close to
the isoelectric point (5.3) speed amyloid formation, but that these environoment
conditions do not strongly affect the interaction energy.
(Chae et al. 2004)3 Liquid state NMR "H NMR study of GNNQQNY in different concentrations of water&TFE.

The obtained "Ho. chemical shifts in 50% are characteristic of random coil.

(Nasica-Labouze et al.

2011)%

Nasica-Labouze &
Mouseau 2012)4

Coarse-grain implicit
solvent MD

Coarse-grain, implicit
solvent MD

Coarse-grain, implicit solvent MD study of the different oligomers formed by
GNNQQNY, starting from boxes with 3, 12 or 20 monomers. A large

variety of oligomers and structures are observed. The most

Representative structures are studied further using all atom MD with explicit solvent.

Coarse-grain, implicit solvent MD study of the kinetics of GNNQQNY association,
starting from 20 monomers.

Observe formation of a variety of beta sheet structures; with small oligomers forming
before larger oligiomers.
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Table S2: Summary of the ONIOM (DFT:PM6) RESULTS. All the values were computed with the PCM
method to account for environment effects. In the case of the gain of interaction energy upon twisting,
results from gas-phase calculations were included -in parenthesis- to show the agreement between
B3LYP and M06-2X functionals.

SYSTEM AE;; (kCal/mol)

$3-S3 -30.96

$2-S3 -90ns -5.68

$2:S3-92ns NOT CONSISTENT

$2:S3 -94ns -7.74

$2-S3 -96ns -11.85

$2:S3 -98ns -4.13

$2-S3 -100ns -12.70

<AE; (53:52) > -8.42

EUNCTIONAL GAIN OF AE;,; UPON TWISTING
(kCal/mol)

B3LYP -8.92  (-12.88)

MO06-2X 911 (-12.98)
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Table S3: Summary of the Simulation Results Reported Here.

June 9™, 2014

Simulation # of Simulations / Run Main results Corresponding Figure
time (ns)
S1-S1 1x 500 Stable for no longer 1 (main text), 1 (Sup. Info) &9
5x 100 than 10 ns. Dissociation | (Sup. Info)
1 x 50 (charged) or rearrangement into
anti || B-sheet
S2 1x500 Stable for at least 75 ns. | 1 (main text) & 2 (Sup. Info)
5x 100 Remarkably stability
S3 1x 500 Remarkably stable in all | 1 (main text) & 3 (Sup. Info)
5x 100 of the cases
S2-S2 1x 500 Evolution towards S3 / 1 (main text) & 4 (Sup. Info)
5x 100 Structural
rearrangement
S2-S1 1x 100 (charged) When charged, behaves | 5 (Sup. Info)
1x 100 (capped) as +51-81-.
When capped, behaves
as S2.
NQYGQNQ 3x 100 B-sheet secondary 7 (Sup. Info)
structure not retained
S3-S2 3x100 Stable, although not as 10 (Sup. Info)
remarkable as S3-S3
4xS3 1x100 Evolution towards $3-S3 | 4 (main text) & 11 (Sup. Info)
nucleus
$3-53 1x100 Stable 12 (Sup. Info)

Total simulation time: 5.05 ps.
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Table S4: Semi-quantitative analysis of the number of H-bonds required to overcome the electrostatic

repulsion between charged peptides arranged in a two-stranded parallel B-sheet.

System Number of H-bonds Stable?
(Backbone + side chain = total)
G-N-Y 2+1=3 NO
G-N-Y
G-N-N-Y 3+2=5 NO
G-N-N-Y
G-N-N-Q-Y 4+3=7 YES
G-N-N-Q-Y
G-N-N-Q-Q-Y 5+4=9 YES
G-N-N-Q-Q-Y
G-N-N-Q-Q-N-Y 6+5=11 YES
G-N-N-Q-Q-N-Y
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Sup. Table 5: Coordinates of the S3 & §3-S3 systems used as Gaussian09 input files for ONIOM (DFT:PM6)
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