Elucidation of the aggregation pathways of helix-turn-helix peptides: Stabilization at the turn region is critical for fibril formation.
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	SUPPORTING INFORMATION




S1. Intrinsic Tryptophan Fluorescence

Intrinsic tryptophan fluorescence has been used for β-sheet amyloid systems to explore conformational environments of certain regions and to monitor the kinetics of aggregation.1 Tryptophan undergoes a blue shift when the polarity of the environment decreases. A blue shift is expected as peptides form fibrils and the tryptophans are subject to a more nonpolar environment. The wt, E21Q and D26N peptides all contain two tryptophan residues at positions 2 and 27. 
Samples were prepared containing the wt, E21Q and D26N peptides in 20 mM ammonium acetate buffer, pH 7.0. The samples contained the same peptide concentration (50 µM) employed in the EM and the IM-MS experiments. Intrinsic tryptophan fluorescence (λex = 295 nm) was measured immediately after dissolution (t = 0) and after 24 hours. The samples were incubated at 310K in between time points. The wt peptide showed a change in fluorescence after 24 hours of incubation (Figure S1A), with a shift in λmax from 343 to 334 nm and an increase in intensity. The E21Q and D26N peptides did not show a change in fluorescence following 24 hours of incubation (Figure S1B and S1C, respectively). The λmax remained at 343 nm for both of these peptides.
A change was not observed in the D26N fluorescence after 24 hours of incubation, but this peptide shows fibrils by EM (Figure 2E,F). All of the peptide samples were centrifuged for five minutes at 13,200 rpm to measure the fluorescence of the pellet. The wt sample showed a small, solid pellet following centrifugation. The E21Q and D26N samples did not show a solid pellet. An aliquot (20 µL) was removed from the bottom of the tubes following centrifugation and the fluorescence was measured. The wt aliquot (Figure S1A) showed a dramatic shift in λmax due to the presence of fibrillar peptide, with a shift from 343 nm at t = 0 to 326 nm for the pellet. The E21Q aliquot did not show a change in fluorescence (Figure S1B). The λmax remained at 343 nm, consistent with the observation that this peptide does not show fibrils by EM (Figure 2C,D). The D26N aliquot (Figure S1C), however, showed a shift in λmax from 343 to 336 nm, indicating that polarity of the environment around Trp2 and Trp27 is decreasing and that this peptide is aggregating. 
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Figure S1. Fluorescence data showing the intrinsic tryptophan emission spectra of the wt (Panel A), E21Q (Panel B) and D26N (Panel C) peptides at t = 0 () and t = 24 hours (). The peptides are at 50 M in 20 mM ammonium acetate, pH 7.0. The peptides are also shown following centrifugation of the sample after 24 hours. An aliquot was removed from the bottom of the sample and the fluorescence was measured ().  For clarity, every fifth point is shown.
S2. Accelerated Molecular Dynamics

AMD allows more rapid sampling of conformations within a rough energy surface by modifying the potential energy surface when V(r) is below a pre-defined energy level E.2

where α modulates the depth and local roughness of the energy basins on the modified potential. The original potential energy surface is separated into torsional and potential terms.

where V0(r) is the original potential, and Vt(r) is the total potential of the torsional terms. V(r) is analytically altered by applying boost potentials to either the torsional terms, ΔVt(r), or the total potential energy, ΔVT(r), or both (i.e., dual boost).

The values of the E and α parameters are modified from the average dihedral and total potential energy obtained from a 50-ns cMD simulation. Edih is equal to the average dihedral energy, V0,dih, plus 4 kcal/mol times the number of solute residues, and the αdih parameter is set to 1/5 of this value. The total potential energy boost, Etot, is equal to 0.16 times the total number of atoms plus the average potential energy, Vtot, obtained from cMD. Finally, αtot is equal to 0.16 times the total number of atoms. Table S1 summarizes the pamaters used in the aMD simulations of the three peptides.

Table S1. Simulation parameters used in dual boost aMD trajectories.
	Peptide
	Time [µs]
	αdih
	Edih
	αtot
	Etot

	18A
	0.45
	16
	261
	51.2
	-150.7

	wt
	1.00
	36
	676
	120.16
	-413

	E21Q
	1.65
	36
	687
	120.48
	-400

	
	0.80
	34
	784
	120.48
	-400

	D26N
	1.40
	36
	676
	120.48
	-427

	
	0.85
	34
	784
	120.48
	-427



The simulations were carried out using the Amber 12 package. All three peptides were modeled using the Amber FF03 combined with the Onufriev, Bashford, and Case solvation model (igb = 5),3 the surface term (gbsa = 1) and an effective salt concentration of 0.2M to mimic experimental conditions. The initial conformation of each peptide was built from the tleap module and minimized using the steepest descent and conjugate gradient methods. The 50-ns cMD was initiated to obtain the boost potential parameters listed in Table 1. SHAKE4 was applied to constrain all bonds linking hydrogen atoms. A small simulation time step of 1.0 fs was used to prevent SHAKE failure due to large atomic displacements. Nonbonded forces were calculated using a two-stage reference system propagator algorithm approach (RESPA). Temperature was regulated using Langevin dynamics with a coupling constant of 1.0 ps and the MD starting velocity generated by ig = -1. The center of mass translation and rotation were removed every 500 MD steps (0.5 ps). Chirality restraints were applied for all residues, and cis-trans restraints were also used for all residues except proline. 





S3. Additional Supporting Information Figures
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Figure S2. Folded and partially folded 18A helices obtained from aMD simulation. The cross sections are computed using the PSA method.
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Figure S3. 18A dimer models: (A) double-helices, (B) compact structure. The compact structure is obtained from aMD simulations of 18A dimers starting from α-helical monomers (data not shown). Theoretical cross sections are computed using the PSA method. The surfaces are shown to qualitatively compare the shapes of the two dimers.
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Figure S4. Helix-turn-helix structures of the wt peptide with residue side chain orientations shown based on residue types (acidic: red, basic: blue, polar: green, non-polar: orange).
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Figure S5. Structures obtained from 1.0-µs aMD trajectory of the wt monomer (see details in the main text). The intermediates are labeled. The N-terminal helix is shown in red, the C-terminal helix is shown in blue and the turn is shown in purple. Glu21 and Arg24 residues are represented in licorice. 



[image: ]
Figure S6. Monomeric structures of the three peptides predicted by the Robetta full-chain Protein Structure Prediction Server (http://robetta.bakerlab.org/). The A states are shown in red box.
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Figure S7. nano-ESI-q mass spectrum of 18A and representative ATDs at 748 and 1121 m/z. The mass spectral and ATD peaks are annotated with oligomer size to charge ratios, n/z, and the experimental cross section σ (Å2). The monomer and dimer are denoted as M and D, respectively.
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Figure S8. Populated gas phase clusters of the wt monomer obtained from T-REMD in-vacuo simulations and their cross sections. 
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Figure S9. Distances of E21-R24 or Q21-R24 (left panel) and of K19-D26 or K19-N26 (right panel) obtained from aMD simulations of the wt (A, D), E21Q (B, E) and D26N (C, F) monomers. The first trajectory (traj 1) using a low boost potential is shown in blue. The second trajectory using a higher boost potential is shown in red.
Figure S9 shows the E21-R24 distances between carbon atoms of the side chain functional groups for the wt and D26N mutant (i.e. the anionic carboxylate Cδ-E21 and the cationic guanidinium Cε-R24), and Q21-R24 distances in the E21Q mutant (i.e. the isosteric polar amide Cδ-Q21 and cationic guanidinium Cε-R24) as a function of simulation time. The minimum distance between the carbon atoms is 5 Å which is larger than the typical salt-bridge distances (4Å). However, it simplifies the number of measurements required because there are many types of salt-bridges that can be formed between anionic carboxylate of E21 and  cationic guanidinium of R24 (e.g. the bidentate end-on and side-on interactions of carboxylate Oδ and hydrogen of guanidium Nε, and the monodentate interaction of Oδ and guanidium Cε). The drawback of this measurement is the wide spread in the distances. However, these distances correlate very well with the folding of the three peptides into helix-turn-helix monomers. When the distances are less than 10 Å, all trajectories sample the helix-turn-helix (e.g. traj1 of the wt, traj2 of the E21Q mutant, and both trajectories of the D26N mutant). When the distance is above this range, the trajectories sample other structures (e.g. traj1 of the E21Q mutant, see also Supporting Information Figure S5). Furthermore, it is clear from the simulation that the E21-R24 distance is better preserved than the Q21-R24 distance. In the traj2 of the E21Q mutant, from 0.45 to 0.85 µs, the trajectory alternates between native helix-turn-helix and partially folded states, and the Q21-R24 distance can increase to 17 Å. On the other hand, the E21-R24 distances rarely go above 10 Å after the native state is reached due to the presence of the salt bridge (Figure S9A and C vs. Figure S9B). 
The K19-D26 distances (i.e. between  cationic ammonium Cε of K19 and of anionic carboxylate Cγ of D26) fluctuate over a wider range (15-20 Å, Figure S9, right panels), and this range of distances does not specifically correspond to the helix-turn-helix monomer. In addition, the large distances between the two residues imply that the K19-D26 salt bridge does not exist in the stable helix-turn-helix monomer. The only time that this salt bridge exists is in the early initiation of helix-turn-helix formation (e.g. Figure S9D, 0.45 – 0.65 µs in the wt) when both E21-R24 and K19-D26 have distances of 10 Å or less. The K19-D26 distance quickly increases as the helix-turn-helix starts to form. This suggests that the K19-D26 salt bridge has a negative effect on the folding since this salt bridge must be severed to form the helix-turn-helix. It is also supported by the trajectories of D26N, in which the K19-N26 distances do not change significantly from the beginning to the end of the trajectory, but the peptide is able to fold into a helix-turn-helix. Thus we conclude that K19-D26 interactions are not required for the folding of helix-turn-helix. However, the D26N mutation removes a charge on the second helix segment, which reduces the overall stability of the helix-turn-helix monomer (as suggested by IM-MS that the monomer of D26N is less stable that that of the wt), and consequently decrease aggregation propensity as shown the EM and fluorescence data.
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Figure S10. Representative ATDs of the wt peaks containing dimer species obtained from (A) Instrument I, z = +6 and (B, C) Instrument II, z = +5 and +6. The cross sections are given in Å2.
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Figure S11. Center-of-mass distances between backbone atoms of the two monomers obtained from explicit MD simulations starting with structures schematically shown in models C and D. The dimers obtained from model C trajectories remained stable over the course of the simulations whereas the dimers from model D trajectories quickly broke apart. 

[image: ]

Figure S12. Pairwise distances between Cα atoms of residues in two individual helices within the helix-turn-helix monomer. (A) wt, (B) E21Q and (C, D) D26N.
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