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ABSTRACT. S2-Microglobulin (3.-m) can form dialysis-related amyloid deposits. The structure of a fragment
of f-m (K3, Ser20-Lys41) in the oligomeric state has recently been solved. We modeled equilibrium
structures of K3 oligomers with different organizations (single and double layers) and morphologies (linear-
like and annular-like) for the wild-type and mutants using all-atom molecular dynamics (MD) simulations.
We focused on the sheet-to-sheet association force, which is the key in the amyloid organization and
morphology. For the linear-like morphology, we observed two stable organizations: (i) single-layered
parallel-strandeg@-sheets and (ii) double-layered parallel-stranded antipayaieets stacked perpen-
dicular to the fibril axis through the hydrophobic N-terminél-terminal (NN) interface. No stable annular
structures were observed. The structural instability of the annular morphology was mainly attributed to
electrostatic repulsion of three negatively charged residues (Aspl5, Glul7, and Aspl19) projecting from
the sames-strand surface. Linear-like and annular-like double-layered oligomers with the NN interface
are energetically more favorable than other oligomers with C-termi@ekrminal (CC) or C-terminat
N-terminal (CN) interfaces, emphasizing the importance of hydrophobic interactions and side-chain packing
in stabilizing these oligomers. Moreover, only linear-like structures, rather than annular structures, with
parallel 5-strands and antiparall@tsheet arrangements are possible intermediate states for tfeid3
amyloid fibrils in solution. Comparing thé>-m fragment with AG indicates that while both adopt similar
p-strand-turn—/-strand motifs, the final amyloid structures can be dramatically different in size, structure,
and morphology due to differences in side-chain packing arrangements, intermolecular driving forces,
sequence composition, and residue positions, suggesting that the mechanism leading to distinct morphologies
and the aggregation pathways is sequence specific.

Proteins can fold into their unique three-dimensional (3- various discrete morphologies (micelle-like, annular-like, and
D) structures to perform their biological functions or they linear-like structures) as observed by atomic force micros-
can misfold to form insoluble amyloid fibrils. The fibrils  copy (AFM) and electron microscopy (EM) when exposed
are highly ordered protein aggregates currently known to be to different environmental conditiond-{6), suggesting that
associated with~20 neurodegenerative diseasds. (All fibrillization may proceed through multiple assembly path-
amyloid fibrils are characterized by a common core structure ways. However, obtaining atomic-level structures of the
of crossf-sheets, although these amyloid-forming proteins amyloid intermediates is still an extremely challenging task
Is increasing evidence that the primary toxic species are theg) n parallel, molecular modeling has been widely used to
soluble prefibrillar intermediates rather than the insoluble predict the 3-D structure and organization of amyloid

mature fibrils @, 3). These prefibrillar intermediates display oligomers 9, 10), to monitor the kinetics of the aggregation

processT, 11, 12), to examine the structural stability of the
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Ficure 1: Single K3 peptide labeled with residue names (upper panel). Cross-sections of the double-layered K3 10-mers comprising two
antiparallel packed pentamers, with the NCN, NC—NC, and CN-NC interfaces (lower panel) viewed down the plane of the paper.

Color ID: polar residues in green, nonpolar residues in orange, positively charged residues in blue, and negatively charged residues in red.
N is the N-terminal strand of the K3 peptide, and C stands for the C-terminal strand. Thus, for examp@\N@plies that two monomers

interact via their C-terminal strands. Here, two pentamers interact with each other.

of the intact wild-type protein into amyloid fibrils4j. This distinct intermolecular recognition events that drive the
is the origin of a serious disease in patients with long- formation of different amyloid structure26).
standing uremia and hemodialysis treatm@®).(The 3,-m In this work, we studied the oligomeric states of the K3

protein has been extensively studied as a model system fompeptide in solution with multiple distinct sizes and morphol-
understanding the relationship between protein folding and ogies. MD simulations were used to explore the structural
amyloid formation. Using AFM and EM, Radford and co- stability, hydration, and dynamics of theSgm oligomers.
workers @, 21, 22) observed that A,-m fragment (residues  Protofibrils or fibrils not only grow in the fibril axis direction
Asp59 to Thr71) formed amyloid fibrils with distinct but also stack in the lateral direction normal to the fibril axis.
morphologies (worm-like, rod-like, and long-straight fibrils)  Fibril growth and stacking are mutually competitive in these
in vitro under different solution conditions. Eisenberg and two directions: Fibril growth corresponds to intra-sheet
co-workers 23) identified a 28-residue fragment @hH-m interactions, while fibril stacking corresponds to inter-sheet
(residues Pro72 to Met99) at the C-terminus as an amyloid- interactions. We consider three different interfaces that can
forming peptide. Using combined solid-state NMR, X-ray form in the lateral direction upon sheetheet association
fiber diffraction, and AFM, Goto and co-workers24) (perpendicular to the fibril axis): As shown in Figure 1, the
recently obtained the 3-D structure of a 22-residue peptide C-terminat-C-terminal (NC-CN) interface involves strong
(K3) derived fromp,-m (residues Ser20 to Lys41). They repulsive electrostatic interactions due to three negatively
found that the K3 peptide adopted a U-shapkestrand- charged residues at the C-terminal strand; on the other hand,
turn—pg-strand motif, with the K3 molecules stacked in a the N-terminal-N-terminal (CN-NC) interface mainly
parallel and staggered fashion to form bgrgheets. These involves hydrophobic interactions arising from maximal
studies indicate that differefft-m fragments can aggregate contacts between hydrophobic residues along the extended
into fibrils, suggesting that fibril formation and the corre- peptide chains. The C-terminaN-terminal (NC-NC) in-
sponding driving force depend on the sequence compositionterface involves both electrostatic and hydrophobic interac-
and residue positior2g). Within the same region of the same tions. Since different interfaces between t/sheets present
protein, small elements of the primary sequence can initiate different interactions via a variety of residues of different
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Ficure 2: Initial single-layered CN annular organization comprising 24 peptides: (a) top view of the whole structure and (b) side view of

a cross-section. Initial double-layered NCN annular organizations comprising a total 60 peptides (24 peptides in the inner layer and 36
peptides in the outer layer). (c) Top view of the whole structure and (d) side view of a cross-section of two antjpatediets. The color

scale bar indicates the distance of atoms from the center. Three negatively charged residues of Asp15, Glul7, and Asp19 at the C-terminus
are presented by red ball-and-stick format to guide the eye in identifying the various interfaces. All images are generated #%) VMD (

sizes, hydrophobicities, and side-chain orientations, we provided by Goto et al.24). Similar to the A8 and ABs
examined the effect of these interfaces on the structural peptides, a K3 peptide has a U-turn shape consisting of two
stability and morphology of K3 oligomers in solution. antiparalle|3-strands connected by one logj§Ser1-Ser9)
Finally, comparison with A&, whose monomers in the |oop(Gly10-Pro13YA(Serl4-Lys22), as shown in Figure 1.
oligomeric state similarly adopt thstrand-turn—pg-strand  For double-layered models, twhsheets comprised of five
motif, suggests that the molecular mechanism leading to monomeric peptides in each sheet were oriented antiparallel
distinct morphologies and the aggregation pathways aretg each other, with an initial separation distance-df0 A,
sequence specific. while adjacent peptides within a layer were packed parallel
to each other, with a separation distance-@f7 A (Figure
MATERIALS AND METHODS 1). K3 oligomers can associate through various interfaces
Linear-like StructuresThe initial 10 configurations ofthe ~ (NC—CN, NC—NC, and CN-NC interfaces) in the lateral
B>-microglobulin fragment (residues 221) were derived  direction perpendicular to the fibril growth axis. The
from solid-state NMR coordinates, which were kindly interfaces between two neighborifgsheets were generated
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. . . . like K3 models with different interfaces (i.e., NGCN, NC—NC,
Ficure 3: Conformational drift and structural flexibility of single-  3nq CN-NC). The time evolution of (a) backbone rmsds relative
layered linear-like K3 models for the wild-type and mutated g their initial energy-minimized structures, (b) averaged mass-

energy-minimized structures, (b) backbone rmsfs relative to the gnergies between two facimjsheets.

average structures from the last 5 ns of MD trajectories, and (c)

the number of native contacts between adjacent peptides. neighboring peptides were about 4.2 and 5.6 A, respectively.

to maximize the overlap of the highly hydrophobic region The same procedure was used to build a double-layered
(Leu4 to Val8) for the CN-NC interface; a highly charged  annular structure with a separation distance-8fA between
region (Aspl5 to Aspl9) for the NECN interface; and a  two layers. Single-layered annular oligomers were comprised
combination of hydrophobic (Leu4 to Val8) and charged of 24 monomeric units with initial inner diameters 620
(Asp15 to Asp19) regions for the NENC interface. For A, while double-layered annular oligomers consisted of 36
single-layered organizations comprised of 10 peptides, muta-peptides in the outer layer and 24 peptides in the inner layer
tions of aromatic and proline residues were performed with initial inner diameters of~20 A. In Figure 2, we present
(Phe3~Ala, Tyr7—Ala, Phelt>Ala, and Prol3-Ala) to typical initial structures of single- and double-layered annular
examine the effect ofr-stacking on the stability of the structures. The cross-sections of the double-layered models
preformed oligomers. All initial mutant structures were built were well-protected from solvent.
by replacing the side chains of the targeted residues without = Simulation ProtocolAll molecular dynamics simulations
changing the backbone conformations and side-chain orienta-were performed using the NAMD program@?) with the
tions. The structure of a designed mutant was first minimized CHARMM22 force field 8). The K3 oligomers and their
for 500 steps using the steepest decent algorithm with themutants were solvated with a TIP3P water box with a
backbone of the protein restrained before being subjected tominimum distance of 10 A from any edge of the box to any
the following system setup and production runs. peptide atom. Counterions were added to the box by
Annular-like StructureTo build a single-layered annular  randomly replacing water molecules to neutralize the system
structure, we first aligned thg-strands of a single peptide  with an ionic concentration 6f£0.15 M NaCl. We followed
to thez-axis. Then, the peptide was replicated and translateda standard protocol for each MD simulation, which consists
at a radius distance & from the center, and every replicated of initial minimization, heating procedure, equilibrium, and
peptide was also rotated such that one of@kstrands was  production run. Each system was initially energy minimized
facing thez-axis of the annular structure. Because of the using the conjugate gradient method for 5000 steps with the
circular curvature, the inner and outer distances between twopeptides constrained and an additional 5000 steps without
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Table 1: Twist Angles for the Linear-like Models Table 2: Averaged Interaction Energies and Sc between Two
p-Sheets for All Double-Layered Organizations, Including Linear
and Annular Structurés

twist angle (deg)

simulation sheet 1 sheet 2 simulation interaction energy (kcal/mol) Sc

Linear-like, single-layer -
- SIng Y Linear structure

\Ié\gA iégi ii NC—CN —162.3£ 17.0 0.43£0.10
Y7A 82410 NC—-NC —216.3+ 20.7 0.55+ 0.06
F11A 1294 1.7 CN—-NC —234.84+9.8 0.61+ 0.05
P13A 7.0+11 Annular structure
ou — n —_
Linear-like, double-layers Ourﬁ’c\l:_'c\':ﬁm _lggggi Zg‘;’ 82% 88%
NC—CN 3124356 39.1£9.4 oUNC—NC ~850.1+ 42.0 0.60+ 0.02
NC—NC 33.1%53 36.0£5.0 oUCN—CNP —893.8+ 28.3 0.59+ 0,02
CN—NC 125+ 1.3 15.3+ 25 . . . ’
aMean interaction energy and Sc are averaged from the last 10 ns
simulations.

position constraints. The system was then subjected to 500
ps of the heating procedure with the backbone atoms of thechain contacts. A hydrogen bond is assigned if the distance
peptides constrained to allow for the relaxation of water and between donor D and acceptor Ais3.6 A and the angle
ions, followed by a 5000 ps equilibrium run without position D—H--:A is >120°; a side-chain contact is defined if the
constraints. The production simulation used the velocity distance between the center of mass of two adjacent
verlet integrator with an NPT ensemble under periodic sidechains is less than 6.7 A.
boundary conditions with minimum image convention. A (iv) The shape complementarity (Sc) is used to measure
constant pressure (1 atm) and temperature (330 K) of thethe geometric surface complementarity of protgimotein
system were maintained by an isotropic Langevin barostatinterfaces between two adjacent layers, where 1.0 represents
and a Langevin thermostat. Short-range van der Waalsa perfect match between the interfaces, while 0.0 represents
interactions employed a switch function with a twin range two unrelated interfaces. Sc is calculated by using the
cutoff of 10.0 and 12.0 A. Long-range electrostatic interac- program SC of CCP4 with default paramete28)(
tions employed particle mesh Ewald summation with a grid  (v) Dimeric structures were extracted from the explicit MD
size of ~1 A. An integration time step of 2 fs was used, trajectories by excluding water molecules at 10 ps time
with a multiple time-stepping algorithm employed to compute intervals. Each structure was first subjected to energy
covalent bonds every time step, short-range nonbondedminimization for 1000 conjugate gradient steps. At the
interactions every two time steps, and long-range electrostaticminimized state, the solvation energy was calculated using
forces every four time steps. Each system was simulated forthe Generalized Born method with a simple switching
20 ns, and trajectories were saved at 2.0 ps intervals for themethod (GBSW) 30, 31). Thus, the interaction energy
analysis. All linear-like models with the same starting between two dimeric structures was calculated by
structures but different random seeds for initial Maxwell
Boltzman distribution of velocities were performed to [AGy,.[= Enm. + GIPSY —
validate simulation data. No significant differences in the (EM™ 4 gobsw )— (EM™ 4+ obsw
results were found for the use of different initial velocities monomerl © =monomer monomer2 © = monomer
(rmsd and rmsf profiles for single-layered linear-like struc- RESULTS AND DISCUSSION
tures and rmsd and separation distance between two adjacent
layers for double-layered linear-like structures). These latter Overall Behavior of the Linear-like StructuresThe
validation simulations entailed eight additional MD simula- backbone rmsd profiles for the single-layered linear oligo-
tions, which were run for a total of 160 ns. mers (Figure 3a) showed that Pro13Ala and Tyr7Ala mutants
Analysis Details(i) The relative structural stability and have lower structural deviations than the wild-type, while
conformational change of the oligomers was measured byPhe3Ala and PhellAla mutants experienced structural devia-
root-mean-squared deviation (rmsd) of the backbone atomstions comparable to the wild-type. Since the K3 peptide has
with respect to the initial minimized experimental structure @ high content of aromatic residues, it appears that the
throughout the simulations. disruption of aromatic stacking via single-point mutations
(i) The root-mean-squared atomic fluctuations (rmsf) were has an inconsistent effect on the equilibrium state of
calculated for each individual residue by aligning all trajec- preformed oligomers, resulting from local structural arrange-
tory structures with the averaged structure from the trajectory. ments (i.e., optimal side-chain packing and steric effects).
The overall size of a given structure is measured by its radius Figure 3b shows the residue-based rmsfs of the mutants as
of gyration Ry). Ry is defined as the mass-weighted compared to the wild-type. The Tyr7Ala and Prol3Ala
geometric mean of the distance of each atom from the mutants with relatively small magnitude of residue fluctua-
protein’s center of mass tions displayed small rmsd structural derivations. To further
characterize the inter-strand interactions within a single-
n n layered structure, we measured the native contacts between
R, = \/ m(r, — rcom)zl m all adjacent K3 peptides. As seen in Figure _3c, the Tyr7A_Ia
£ & and Pro13Ala mutants have much higher native contacts (i.e.,
backbone-backbone H-bonds and side-chaside-chain
(iii) The intra-sheet interactions are indicated by native contacts) than the other mutants and the wild-type. The
contacts consisting of backbone hydrogen bonds and side-stabilization is due to the increase not only in the side-chain
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Ficure 5: Snapshots from MD simulations for double-layered linear-like K3 models with the (&) (b) NC-NC, and (c) CN-NC
interfaces at 0, 5, 10, 15, and 20 ns. The color coding is the same as in Figure 1. Three negatively charged residues of Asp15, Glul7, and
Aspl9 at the C-terminus are presented by red ball-and-stick format to guide the eye for identifying the various interfaces.

side-chain contacts but also in the backbehackbone indicating that mutations (Phe3, Tyr7, Phell, and Prol3)
hydrogen bonds. Furthermore, Tyr7 and Pro13 were packeddid not alter significantly the 10-mer structure.
against their neighboring aromatic residues of Phell and We assessed the possibility of two preformgdheets
His12, respectively, with similar side-chain orientations associated in the lateral direction by considering three distinct
(Figure 1). Substitution by the smaller sized Ala at the Tyr7 interfaces in double-layered linear oligomers. For two
or Prol3 positions would allow for adjustment of the p-sheets with an antiparallel arrangement, the -QN\C
conformation to avoid steric conflicts induced by original interface consisted of highly hydrophobic patches of Leu4,
side-chain packing, while still maintaining a favorable Cys6, and Val8; the NECN interface mainly consisted of
interaction. This result confirms that more stable structures negatively charged residues of Aspl5, Glul7, and Aspl9;
can be obtained by increasing the contacts between peptideand the NC-NC interface consisted of the combination of
interfaces and lowering residue fluctuations in local second- hydrophobic and negatively charged residues. Backbone rmsd
ary structures. profiles (Figure 4a) showed that a double-layered oligomer
The rmsf also showed that residues in the turn region with the CN-NC interface exhibited a higher structural
exhibited a higher flexibility than those in thg-strand stability than the other two oligomers with the NGIC and
regions, except for residues near the N-/C-termini that were NC—CN interfaces, in which the rmsd value for the €N
exposed to the solvent (Figure 3b). Visual inspection of all NC oligomer reached a plateau o6 A, while the NG~
trajectories of the mutants and the wild-type showed that all CN and NC-NC oligomers displayed their instability with
10-mer structures were still able to maintain fhstrand- continuously increased rmsds within the 20 ns simulations.
turn—f-strand motif without disassociation of tfiestrands, We looked into the geometrical match of side chains that
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FIGURE 6: Snapshots from MD simulations for the single-layered®&@N" and (b)°“NC" annular structures at 0, 5, 10, 15, and 20 ns.
Superscripts of out and in indicate which terminus faces to the solvent and to the pore, respectively. Three negatively charged residues of
Aspl5, Glul7, and Aspl9 at the C-terminus are presented by red ball-and-stick format to guide eyes for identifying interfaces. Neither of
the annular structures is able to maintain the initial annular shape within 20 ns.

protrude from the two antiparall@-sheets stacked against Combining the information of the relative structural
each other using a Sc paramet29)( The results are shown deviation (rmsd), geometrical characterization (sheet-to-sheet
in Table 2. The CN-NC interface had the highest Sc value distance and Sc), visual inspection (snapshots), and interac-
of 0.61, indicating that the side chains at the interface were tion energy, it is clear that the CNNC oligomer is the most
more comfortable in interacting with each other, without any stable structure, while the NGCN and NC-NC oligomers
unfavorable steric effects. On the other hand, Sc values weresuffer from structural instability. This indicates that when
largely reduced to 0.43 for the NECN interface due to  two linear-likeS-sheets of the K3 peptides stack in the lateral
charge repulsion and to 0.55 for the NQIC interface due  direction in solution, they exclusively associate through the
to weak hydrophobic interactions. We further analyzed the CN—NC interface, while the other two sheetheet associa-
interaction energies between the tf«sheets with various  tions via the NG-NC and NC-CN interfaces are eliminated
interfaces (Figure 4c and Table 2). Energy profiles showed due to structural instability. We emphasize that short MD
that the CN-NC oligomer (-234.8 kcal/mol) was energeti-  simulations are insufficient to provide absolute conforma-
cally more favorable than the NENC (—216.3 kcal/mol) tional stabilities; thus, the disaggregation of the most stable
and NC-CN (—162.3 kcal/mol) oligomers, suggesting that CN—NC interface found in this study might be a slow kinetic
different surface packings were stabilized by different forces. process that cannot be fully explored within the 20 ns time
These data are well-correlated with the previous analysis of scale. However, it is a necessary condition that the proposed

the rmsd, sheet-to-sheet distance, and Sc. oligomeric models remain organized within the period of
Visual inspection of the snapshots along the simulation simulation time. If they do not, then the models would be
trajectories (Figure 5) also illustrated that the €NC unviable for further propagation of the fiber growth.

oligomer was able to retain its packing very close to the  Overall Behavior of the Annular-like StructuresWe
initial antiparallel organization in the lateral direction, with examined the structural stability and dynamics of two single-
a sheet-to-sheet distance of 10 A (Figure 4b) and no layered annular structures in solution. Each structure con-
disruption of the secondary structure of the strahdn— sisted of 24 peptides, with an initial inner diameter of 20 A.
strand motif, although thg-strands were twisted by 10  As shown in Figure 6, when the highly negatively charged
relative to each other (Table 1). In contrast, the oligomers C-terminal strands faced the bulk solvent, the whole structure
with the NC-CN and NC-NC interfaces exhibited dis- quickly lost its initial circular shape at 5 ns, and the pore
turbed packing and secondary structures. In the cases of thesize reduced at 10 ns. Interestingly, at 20 ns, the structure
NC—CN interface, the tw@-sheets moved away from each tended to reorganize back to a circular shape but with four
other after 2 ns (Figures 4b and 5), largely due to repulsive separated linear-like subunits. In contrast, when the hydro-
electrostatic interactions induced by Aspl5, Glul7, and phobic N-terminus faced the bulk solvent, the structure was
Aspl9 located at the interface. The NRIC interface also unable to maintain the closed-circular shape and ruptured,
displayed an unstable structure. Although repulsive chargeopening widely at 20 ns. This could be due to both repulsive
interactions at the interface were attenuated, they still cannotforces induced by the negatively charged residues from the
compensate for the loss of hydrophobic interactions, high- inside and unfavorable hydrophobiwater interactions from
lighting the important role of hydrophobic interactions in the outside. Both the rmsd and the radius of gyration profiles
the association of K3 peptides. (Figure 7) were consistent with the visual inspection of the
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Interaction Energy between Layers
kcal/mol)

snapshots from the simulations. While both single-layered
annular structures displayed structural instability in solution,

they experienced different instability scenarios: one tended ) i
Ficure 8: Structural and energetic analysis of double-layered

to C.O”apse and the other widely opened. ._annular-like K3 models with different interfaces (i.8"NC—CN",
Since single-layered annular structures were unstable iNoucN—cNin, ouNC—NCM, and “CN—NC"). Superscripts of out

solution, we constructed and explored double-layered annularand in indicate which terminus faces the solvent and which the
structures with various interfaces at the inner and outer pore, respectively. (a) Backbone rmsds relative to their initial
cirular ayers. Backbone rmsd prfies (Fgure Sa) showed 1 TZer Stucures ) v o gratens e b fer
that as compared to the NN and NC-NC annular between two facing-sheets as a function of time.

structures, the CNNC and CN-CN annular structures have

relatively lower structural deviations. The radius of gyration

(Rg) was used to measure the overall size (outer diameter)phobic-water interactions would tend to unfold the structures
of the annular structures. The NCN and NC-NC at the outer layer or to collapse at the inner layer, when
structures had similaRy values of~46 A at 20 ns, while hydrophobic residues at the N-terminus face the bulk or pore
the CN=NC and CN-CN structures had relatively larger solvent. All those effects lead to a structural instability of
Ry values of~51 A at 20 ns, consistent with the trend the double-layered K3 annular structures in solution.
observed in the rmsds (Figure 8b). Visual inspection of the  The interaction energies between two layers (Figure 8c
snapshots (Figure 9) showed that all double-layered annularand Table 2) were evaluated by the GBSW metiRit] 81)
structures experienced structural instability. The instability in the CHARMM program. The CNNC structure had a

of the annular structures was mainly due to the three much stronger interaction energy than other structures, and
neighboring charged residues (Aspl5, Glul7, and Asp19)the energy differences between different structures ranged
at onep-strand region of the C-terminus. Since all charged from —188.5 to—545.8 kcal/mol. These are qualitatively
residues are parallel, aligned in an in-register manvieA consistent with the Sc results (Table 2). This highlights the
apart within thes-sheet, no matter whether these negatively important role of hydrophobic interactions in the association
charged residues face the bulk or the pore solvent, or embedorce, as well as side-chain packing (Sc). For the linear-like
at the interface, strong intermolecular electrostatic repulsion structures, it is expected that with the increase in the number
tends to push the peptides away from each other. Theof peptides, the oligomer stability increases dramatically,
repulsion force will overwhelm the stabilizing effect of the especially when the number of peptides is smaller than the
hydrophobic side-chain contacts, leading to a tendency to minimal nucleus seed.8, 32, 33). However, the increasing
open the annular structure. This effect becomes morenumber of K3 peptides should have a minor effect on the
pronounced in the case of the NCN structure, where  stability enhancement of annular structures because strong
pairwise repulsive electrostatic interactions between the electrostatic repulsive forces induced by Asp15, Glul7, and
C-terminus-C-terminus of the inner and outer layers tend Aspl19 in the samg@-strands can easily disrupt the circular
to push the two layers away. Moreover, unfavorable hydro- curvature. We should note that all simulation models

Simulation Time (ns)
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FiIGURE 9: Snapshots from MD simulations for the double-layered annular structures with different interfac€sNicz-CNn, oUiCN—

CNin, ouNC—NC", and°“'CN—NC™") at 0, 5, 10, 15, and 20 ns. Superscripts of out and in indicate which terminus faces the solvent and
which faces the pore, respectively. Three negatively charged residues of Asp15, Glul7, and Aspl19 at the C-terminus are presented by red
ball-and-stick format to guide the eye for identifying the interfaces. None of the annular structures is able to maintain the initial annular
shape within 20 ns.

proposed here are constructed in an in-register way, in whichhigh structural instability, we cannot exclude the possibility
the structures were packed in a way as to obtain large side-of other intermolecular registration of the chains. For
chain contacts at the sheetheet interface between two example, models with out-of-register chains will reduce both
adjacenf3-sheets matching each other perfectly without steric the destabilizing electrostatic repulsive forces and the
overlaps. Although all K3 annular structures experienced a stabilizing intermolecular contacts. To explore the stability
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Ficure 10: Representative cross-section of the interior hydration = Asn27
of the single-layered linear-like model, viewed along the protofibrils » Lys28
axis. Water molecules are trapped in the interior cavity near the «  Gly29 i
loop region. .
* Ala30 .
of K3 oligomers with alternate possible out-of-register chains, . L :
0 20 180

additional MD simulations will be required. Here, all single-
and double-layered annular structures exhibited structural Phi
instability, indicating that annular structures of K3 peptides Figure 11: Backbone torsion anglep( ) distributions for the
are unlikely to serve as intermediates for protofibril formation loop residues in the (a) K3 and (b)¥4y-42 peptides. PDB code of
in solution. Api7-a2is 2beg £3).

[-Strand-Turn—j-Strand Motif in the Preformed Oligo-
mers Is Stabilized by Intramolecular Interactior&milar
to the K3 peptide (residues 2@1) of 8-m, Nishino and reported tha}t a strgﬁdurn—strand structure could be an
co-workers 84) also reported that a peptide fragment important binding intermediate for /Afibril growth. In
structure, highlighting the essential region of residues 20 accommodate small molecules such as waters and ions in
41 in amyloid fibril formation. Moreover, a number of the cavity (Figure 10). Penetrating water molecules inside
amyloidogenic peptides including3435) and human CA150 the cavity form hydrogen bonds v_wth buried side chaln_s.
(36) displayed the common secondary structural motif of These hydrogen bonds not only increase the desolvation
B-strand-turn—g-strand, which is formed by two antiparallel ~ barrier of the cavity structure but also help maintain and
B-strands linked by a flexible turn. The twg-strand stabilize this structure due to 'ghg desolvation penaA@).(
Segments form two Separate in_register paraﬁaheetsy Thel’efore,. a turn'|n.duced m0t|f IS adyantageous, as it ma.y
where main-chain hydrogen bonding occurs between neigh-léad to a zipper motif resembling the tightly paciedheets
boring 8-strands in the direction of the fibril axis. The net Of shorter peptides.
bend angle of 180brings the twgs-sheets in contact through Comparison to A& Peptideslt is interesting to compare
side-chain-side-chain interactions8¢). As compared to an  the structure of & fibrils with that of K3 fibrils. A3 peptides
extended conformation, th@-strand-turn—pg-strand motif have been studied extensively by experiments and computa-
induces more tightly packed residues in a limited space, tions. Tycko and co-workers4®) proposed a quaternary
leading to more intramolecular interactions via hydrophobic structural model of the As—40 protofibrils using solid-state
interactions, hydrogen bonds, steric zippers, or salt bridges,NMR, while Riek and co-workers4@) proposed a model
which are absent in a single sheet. Thus Afsrand-turn— for Af17-42 protofibrils using the combination of hydrogen-/
pB-strand motif has an inherent ability to stabilize itself deuterium-exchange NMR data, side-chain packing con-
through those buried side-chaiside-chain interactions. For  straints from pairwise mutagenesis, solid-state NMR, and
instance, the human CA150 peptide has a buried salt bridgeEM. In parallel, using simulations, Ma and Nussin®) (
between Glu7 and Arg2486) providing additional contribu-  independently proposed another model for the(AS16-35)
tion to structural stability, similar to the buried salt bridge using computational modeling. All three models have a
between Asp23 and Lys28 in thegApeptide 9, 35). The similar 5-hairpin motif (i.e. f-strand-turn—/-strand motif)
f-strand-turn—g-strand motif offers two opposite faces for  with the same side-chain orientation but with a distinct turn
lateral associations through N-/C-termiastrands. Proline  structure. We recently performed MD simulations to study
mutagenesis of B4, suggested that the formation of a turn the structural organization of A;—4> with different sizes,
structure could play a crucial role in its aggregation ability structures, and morphologie44), obtaining results similar
and neurotoxicity 8, 39). Wu and co-workers4() also to Hummer and Buchetel§).
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(a) NC-C (b) CN-NC is, the A3 peptides can form multiple layers through either

. the NC-CN or the CN-NC interface. In contrast, K3
peptides can associate tyesheets only through the CN
NC interface. Further, the K3 peptides cannot form stable
annular structures, no matter whether they are single-layered
or double-layered. On the other hangj peptides can form
a stable double-layered annular structure with the-Q00I
interface (Figure 12e), although othef3 Aannular models
display structural instability. For example, the single-layered
CN annular oligomer with the C-terminus facing the bulk
solvent finally broke down into three subunits consisting of
twisted linear-like oligomers (Figure 12c), while the annular
NC oligomer with the N-terminal facing bulk solvent
collapsed within 20 ns due to strong hydrophobic interactions
between the inner C-terminal residues (Figure 12d). Interest-
ingly, although both single-layered structures exhibited severe
structural deformation, they displayed different oligomer-
ization scenarios: one structure broke down into pieces and
the other collapsed. The CANNC annular structure experi-
enced large twisting motions with many opening/closing
events at the outer layer during the simulations (Figure 12f).
The structural comparison of K3 peptides witl# Aeptides
reveals that although different primary amyloidgenic se-
guences could fold into similar monomeric motifs (the
p-strand-turn—{-strand motif in this case), when assembling
these motifs into highly ordered aggregates, the final stable
amyloid structures can be dramatically different in size,
structure, and morphology due to the difference in the
geometrical side-chain packing arrangements, intermolecular
driving forces, and primary sequence compositions and
positions, suggesting that the molecular mechanism leading

F'GUSE 1t)2|: lSnapsah?ts from MD simql?]ti?dgl\l‘lo_r thqfﬁ’AmodeI;b to distinct morphologies and the corresponding aggregation
(a) ouple-layere Inear structure wit Interface at pathwayS iS Sequence SpeCifiC.

ns, (b) double-layered linear structure with ENC interface at
20 ns, (c) single-layered annular CN structure where the hydro-
phobic C-terminal faces the bulk solvent at 20 ns, (d) single-layered CONCLUSION

annular NC structure where the hydrophilic N-terminal faces the  \We explored the stability and dynamics of K3 peptides

bulk solvent at 20 ns, (e) double-layered annular structure with NC itk gifferent structures, sizes, and morphologies in solution
CN interface at 50 ns, and (f) double-layered annular structure with " imulati he Ii lik h
CN—NC interface at 50 ns. For the annular structures, residues atUSiNg MD simulations. For the linear-like structures, the

position 35 are presented by yellow ball-and-sticks to guide the Stable ordered aggregates of the K3 peptide are (i) single-
eye for identifying the interface. layered oligomers with a parallel orientation within the sheets
and (ii) double-layered CNNC oligomers with a parallel
Similar to the K3 peptide, the Apeptide has a U-bent  orientation within the sheets and antiparallel organization
shape. Figure 11 shows the distribution of the main-chain between the sheets. The paralfektrand arrangement is
dihedral angles of the loop residues in both K3 anl A favored in energy due to side-chain interactions mainly from
peptides. It can be seen that the K3 an@l peptides have  hydrogen bonds between the amide groups and the aromatic
similar (p, v) distributions at the3-turn regions, although  z-stacking. The antiparallgd-sheet organization is mainly
their sequences are different. Moreover, the U-shaped motifstabilized by highly hydrophobic interactions. In contrast,
of K3 creates a hydrophobic cavity with a diameter ef/e all annular-like oligomers, including single- and double-
A similar to AB peptides, allowing water molecules and ions layered structures, displayed structural instability because the
to conduct through. Both Aand K3 oligomers are charac- circular shape resulted in close contacts of three negatively
terized by twist angles ranging from 7 to °1hetween charged residues (Aspl5, Glul7, and Aspl19) located at the
neighboring 5-strands. Because of the character of the same C-termingb-strand, leading to strong repulsive elec-
pB-strand-turn—p-strand motif, A8 peptides can associate trostatic interactions. Simulations suggest that linear struc-
with each other in the lateral direction through different tures of K3 peptides, instead of annular structures, are
p-strand interfaces. In the linear-like organizationg A  possible intermediates in the formation of protofibrils in
oligomers with the NG CN interface, stabilized by hydro-  solution. Of particular interest, comparison wit}# Adicates
phobic and van der Waals interactions, are energetically morethat while in both cases the monomers adopt the U-turn
favorable than those with the CANC interface stabilized  j-strand-turn—pg-strand motif when in the single-layered
by hydrophobic interactions and salt bridges. However, both oligomeric state, the preferred protofibril organizations and
interfaces exhibit a high structural stability (Figure 12a,b). morphologies are different. The apparently universal amyloid
This indicates that the Apeptides can be stacked on top of motif does not necessarily dictate similar aggregation
each other with multiple layers in the lateral direction; that pathways. Different sequences and sizes may mandate
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different side-chain packing and intermolecular driving

forces, suggesting that the molecular mechanism leading to

distinct morphologies and the corresponding aggregation
pathways are sequence specific.
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