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ABSTRACT Amyloidlike fibrils are found in many fatal diseases, including Alzheimer’s disease, type II diabetes mellitus,
transmissible spongiform encephalopathies, and prion diseases. These diseases are linked to proteins that have partially
unfolded, misfolded, and aggregated into amyloidlike fibrils. The kinetics of amyloidlike fibrils aggregation is still hotly debated and
remains an important open question.We have utilized theGNNQQNY crystal structure and high-temperaturemolecular dynamics
simulation in explicit solvent to study the disaggregation mechanism of the GNNQQNY fibrils and to infer its likely aggregation
pathways. A hexamer model and a 12-mer model both with two parallel b-sheets separated by a dry side-chain interface were
adopted in our computational analysis. A cumulative time of 1 ms was simulated for the hexamer model at five different
temperatures (298 K, 348 K, 398 K, 448 K, and 498 K), and a cumulative time of 2.1 ms was simulated for the 12-mer model at four
temperatures (298 K, 398 K, 448 K, and 498 K). Our disaggregation landscape and kinetics analyses indicate that tetramers
probably act as the transition state in both the hexamer and the 12-mer simulations. In addition, the 12-mer simulations show that
the initial aggregationnucleus iswith eight peptides. Furthermore, the landscape is rather flat from8-mers to12-mers, indicating the
absence ofmajor barriers once the initial aggregation nucleus forms. Thus, the likely aggregation pathway is frommonomers to the
initial nucleus of 8-mers with tetramers as the transition state. Transition state structure analysis shows that the two dominant
transition state conformations are tetramers in the 3-1 and 2-2 arrangements. The predominant nucleus conformations are in
peptide arrangements maximizing dry side-chain contacts. Landscape and kinetics analyses also indicate that the parallel
b-sheets form earlier than the dry side-chain contacts during aggregation. These results provide further insights in understanding
the early fibrils aggregation.

INTRODUCTION

Amyloidlike fibrils are found in many fatal diseases, includ-

ing Alzheimer’s disease, type II diabetes mellitus, transmis-

sible spongiform encephalopathies, and prion diseases (1–4).

These diseases are linked to proteins that have partially un-

folded, misfolded, and aggregated into amyloidlike fibrils.

Decades of investigations of the structural properties of

amyloidlike fibrils have established that all fibrils have a

common structural cross-b spine though few atomic-resolu-

tion structures were available from experiment (5,6). Exper-

imental methods are vital in the study of amyloid fibril

formation. However, the nature of fibril aggregation, such as

limited structural order, insolubility in water, and involve-

ment of cell membrane, makes the experimental study

extremely difficult (7,8). Indeed, the fibrils formation mech-

anism and the aggregation kinetics have remained hotly de-

bated open questions.

Thus, many researchers have turned to computer simula-

tions at various levels of resolutions to gain a better under-

standing of the molecular-level details in fibrils formation

(7,8). Invaluable insights into the fibrils formationmechanisms

have been obtained by these computational studies (9–36).

Pellarin and Caflisch (18) and Fawzi et al. (22) investigated

the kinetics of fibril formation with coarse-grained models.

A similar question was also investigated by Nguyen and Hall

(11) with their off-lattice intermediate resolution model. An

intensive simulation of amyloid b-dimer formation in explicit

solvent was presented by Gnanakaran et al. (16), and many

interesting findings were reported. More detailed overview of

simulations in protein aggregation can be found in recent

reviews (7,8).

The lack of experimental atomic-resolution structures is

largely due to the noncrystalline and insoluble nature of the

amyloidlike fibrils. Recently, the crystal structure of a seven-

residue fragment (GNNQQNY) from Sup-35 was released

(6). The fragment was found to display all the common

characteristics as a full-length Sup-35 protein, including co-

operative kinetics of aggregation, fibril formation, and bind-

ing of the dye Congo red (6). Further, the crystal structure

clearly shows the cross-b spine architecture (6). Subsequent

molecular dynamics simulations in explicit solvent from the

crystal structure indicate that the cross-b spine architecture

is twisted in the absence of crystal packing (37). The

GNNQQNY structure, which displays the common cross-b
spine structure, represents the best available atomic model for

amyloidlike fibrils. If we assume that common structural

characteristics for all amyloidlike fibrils imply common

mechanism of pathogenesis (38), the study of aggregation in

the short GNNQQNY peptide could illustrate some common

fundamental mechanism that governs fibril formation in large

protein systems.

The timescale of fibrils aggregation is approximately

minutes to days (38), which is much longer than the timescale
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of nanoseconds in routine classical all-atomMD simulations.

Thus, the challenge in computer simulations of fibrils aggre-

gation is similar to that of protein folding. In protein folding

studies, the unfolding rate increases at high temperatures, for

example at temperatures as high as 498K, so that most single-

domain proteins unfold in the nanosecond timescale (39).

Indeed, high temperature simulations of protein unfolding

have been widely used (40,41) to bypass the difficulties in

protein folding studies. In the case of protein aggregation, the

disaggregation rate should also increase at high temperatures.

Thus, it is reasonable to explore the same high-temperature

simulation technique to study fibrils aggregation. Neverthe-

less, care should be used in the protein disaggregation simu-

lations, just as in protein unfolding simulations. For example,

it has been pointed out that unfolding pathways are only re-

verse of folding pathways in a given temperature range (42).

Thus, it is important to analyze the effect of temperature in

high-temperature disaggregation simulations.

In this study, we have utilized the GNNQQNY crystal

structure and molecular dynamics simulations in explicit water

at multiple temperatures to understand the disaggregation

mechanisms of the GNNQQNY fibrils and to infer its likely

initial aggregation pathways. Two models were adopted in

our analysis: a hexamer aggregate and a 12-mer aggregate

both with two sheets separated by a dry interface (Fig. 1).

Cumulatively, 1-ms trajectories at five different temperatures

(298 K, 348 K, 398 K, 448 K, and 498 K) were collected for

the hexamer model, and 2.1-ms trajectories at four tempera-

tures (298 K, 398 K, 448 K, and 498 K) were collected for the

12-mer model.

METHODS

Room-temperature and high-temperature
molecular dynamics simulations

In this work, two cross-b GNNQQNY aggregate models, hexamer and

12-mer, were used to investigate the disaggregation of amyloid fibrils. The

initial atomic coordinates of both models were constructed from the crystal

structure 1YJP using symmetry operation P21 (6). Hydrogen atoms were

added using the LEAP module of AMBER8 (43). The hexamer model was

solvated in a truncated octahedron box of 3813 TIP3Pwatermolecules so that

thefinal concentration of the systemafter equilibration is 98mM,which is at the

upper end of the experimental concentration range for crystallization (6). The

12-mer model was solvated with twice as many TIP3P water molecules (7626)

to maintain a final concentration similar to that in the hexamer simulation.

Particle-mesh Ewald (44) was employed to treat long-range electrostatic in-

teractions with the default setting in AMBER8 (43). A revised parm99 force

field was used for intramolecular interactions (45,46). One-thousand-step

steepest descent minimization was performed to relieve any structural clash in

the solvated system. The SHAKE algorithm (47) was used to constrain bonds

involving hydrogen atoms so that a 2-fs time step was used.

The minimized systems were used to start different trajectories at 298 K.

Each 298 K trajectory was first simulated with Langevin dynamics with a

different random number seed, i.e., each trajectory was started with the same

initial structure but with a different initial velocity assignment. At this stage,

each trajectory was only briefly equilibrated for 20 ps in the NVT ensemble.

The friction constant was set to be 1 ps�1. Each of the Langevin dynamics

trajectories was then followed by a 20-ns molecular dynamics trajectory in

the NPT ensemble at 298 K and 1 bar, which were used as reference (i.e., the

aggregated state) to study the high-temperature disaggregation pathways.

Totally 10 independent trajectories for the hexamer model and 20 indepen-

dent trajectories for the 12-mer model were collected at 298 K. It was found

that 10 ns per trajectory was sufficient to equilibrate both the hexamer and

12-mer model at the room-temperature simulation condition, so that the

second 10 ns was used for data analysis.

Disaggregation for the hexamer model was studied with 10 independent

trajectories per temperature at four different temperatures: 348K (40 ns each),

398 K (20 ns each), 448 K (10 ns each), and 498 K (10 ns each). Sampling is

more challenging in the 12-mer simulation due to its higher stability. Here

twice as many (20) independent trajectories were simulated per temperature.

It is found that doubling of trajectories from 10 to 20 does not change the

qualitative conclusions in the landscape analyses (see Supplementary Mate-

rial, Fig. S8 in Data S1). This indicates that sampling at the chosen temper-

atures is sufficient in the 12-mer simulations. Nevertheless, only three

different temperatures were used for the 12-mer model: 398 K (57 ns each),

448 K (22 ns each), and 498 K (8 ns each) since the 12-mer aggregate is too

stable at 348 K to collect enough disaggregation snapshots within reasonable

CPU time. The simulation times were set to be long enough to reach the

disaggregated equilibration phase (i.e., 100% monomers) in all except the

12-mer simulation at 398 K, where only 75% monomers were reached. In all

high-temperature simulations the NVT ensemble was used to keep the water

density fixed at the value of 298K, i.e., each high-temperatureNVT trajectory

FIGURE 1 Hexamer (A) and 12-mer (B) models of the GNNQQNY cross-b

spline aggregate at 298 K. Both snapshots are the closet to the mean of the

production trajectories after equilibration.
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was started from the end of a corresponding trajectory at 298K.Note that both

the initial structures and initial velocities were different among all high-

temperature trajectories. Cumulatively 1000 ns were collected at 298 K,

348 K, 398 K, 448 K, and 498 K for the hexamer model, taking;9500 CPU

hours on the in-house dual-core dual-processor Xeon 5410 (2.33 GHz)

cluster. For the 12-mer model, cumulatively 2100 ns were collected at 298 K,

398 K, 448 K, and 498 K, taking;43,700 CPU hours.

b- and dry native contact identification

As shown in Fig. 1 the native contacts in the two model aggregates can be

classified into two categories: b- and dry contacts. The b-contacts are defined

as in-register Ca-Ca contacts between a pair of strands within each of the two

b-sheets, including contacts between strands #1 and #2, strands #2 and #3,

strands #4 and #5, and strands #5 and #6. If the distance of an in-register

Ca-Ca contact is less than the cutoff distance of 6 Å, it is identified as a

b-contact. A total of 28 b-contacts can be identified for the hexamer model,

and a total of 56 b-contacts can be identified for the 12-mer model. The dry

contacts are defined as side-chain-to-side-chain contacts between a pair of

strands at the dry interface. For example, there exist dry contacts between

strands #1 and #4, strands #1 and #5, strands #2 and #5, strands #2 and #6, and

strands #3 and #6 for the hexamermodel. If the distance between the centers of

mass of any two side chains at the dry interface is less than the cutoff distance

of 5 Å, it is identified as a dry contact. A total of 15 dry contacts can be

identified for the hexamer model and 33 dry contacts can be identified for the

12-mer model. Note that not every contact is stable at room temperature. For

example, on average 25.9 stableb-contacts and 8.8 stable dry contacts for the

hexamer model were found in all 10 independent trajectories at 298 K.

Contacts per pair of strands

Theb- and dry contacts identified above apparently belong to a pair of strands.

Thus, the number of contacts per pair of strands can be computed for later

identification of aggregate. Note that a total of sevenb-contacts exist between

a pair of strands within a b-sheet, and a total of three dry contacts exist be-

tween a pair of strands at the dry interface. At room temperature, the average

numbers of contacts per pair of strands at the two interfaces are different from

the maximum values and can be found in Tables S1 and S2 in Data S1 for the

hexamer model and the 12-mer model, respectively.

Aggregate identification

The aggregate identification process can be cast as a graph problem if we

regard each strand as a vertex (48). An edge between any two vertices exists if

there are sufficient contacts (either b or dry) between the two strands (verti-

ces). Thus, the question becomes, using the hexamer model as an example,

how many connected components can be found in a graph with six vertices,

and howmany vertices are in each component? Here a connected component

is an aggregate, ranging from one to six vertices (strands). Therefore, the first

step in the aggregate identification process is to find out which pair of strands

has enough contacts. That is to say, the first step is to build-up the adjacency

matrix representation of the graph. This is achieved by monitoring the total

contacts per pair of strands in each trajectory as shown above. We have

empirically chosen 80% of total contacts per pair of strands at the room-

temperature as cutoff, i.e., two strands are in contact (in other words, an edge

exists between the two vertices) if their total contacts are.80%of their 298K

value. The corresponding element of adjacencymatrix is set to 1when the two

strands are in contact.

At the second step, a recursive procedure of depth-first searchmethod (48)

is used to find out howmany vertices are in a connected component, i.e., how

many strands are in an aggregate. The number is termed ‘‘order of aggregate’’,

ranging from monomers (1) to hexamers (6) for the hexamer simulations and

frommonomers (1) to 12-mers (12) for the 12-mer simulations. (See Fig. S4 in

Data S1 for a list of all conformations for all possible aggregates for the

hexamer model.) As shown in Fig. S4 in Data S1, there is one conformation

for hexamers, three for pentamers, five for tetramers, three for trimers, and two

for dimers. Identification of all possible aggregates for the 12-mer model

follows similarly, although it is far more complicated.

RESULTS AND DISCUSSION

An important issue in the study of amyloidlike fibrils is the

identification of initial aggregation nucleus. The relative ease

in simulatingmany independent disaggregation trajectories at

high temperatures allows quantitative analyses to be applied

to answer this question, at least from the disaggregation per-

spective. In the following, we intend to answer this question

first by landscape analyses then by kinetics analyses.

Disaggregation landscape

To understand the disaggregation pathway, the disaggrega-

tion landscapes (i.e., lnP(x)) are first analyzed with a progress
variable, order of aggregate (x). The values of x correspond to
the number of peptides in an aggregate, i.e., 1 ¼ monomer,

2 ¼ dimer, 3 ¼ trimer, . . ., and so on as defined in Methods.

Here the probability (P(x)) is computed as the percentage of

snapshots with the value of x in all the independent simulation

trajectories. Figs. 2 and 3 show the landscapes for the hexamer

and the 12-mer simulations, respectively. The maximum is

found to be around tetramers in the hexamer simulations at all

four temperatures and in the 12-mer simulations at all three

temperatures. The maximum at tetramers is particularly pro-

nounced at lower simulation temperatures for both models.

This indicates that the tetramer aggregates probably act as the

transition state at the room temperature in both the hexamer

and the 12-mer simulations. In the hexamer simulations, the

barriers from monomers to hexamers are 5.23 kT, 5.65 kT,

5.81 kT, and 5.34 kT at 348 K, 398 K, 448 K, and 498 K,

respectively. Fromhexamers tomonomers, the corresponding

FIGURE 2 Hexamer landscape (relative lnP) versus the order of aggre-

gate at four high simulation temperatures. The value of hexamers is set as

reference. The uncertainties are obtained by the jackknife approach. Uncer-

tainty of the first data point is too small to be seen.
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barriers are 1.89 kT, 1.17 kT, 0.99 kT, and 0.69 kT. As ex-

pected, the barrier from hexamers to monomers decreases

when temperature increases in the disaggregation process.

However, the barrier from monomers to hexamers first in-

creases with temperature up to 448 K, then it decreases when

temperature increases from 448 K to 498 K. In the 12-mer

simulations, the barriers from 12-mers to monomers are 1.64

kT, 1.51 kT, and 0.84 kT at 398 K, 448 K, and 498 K, re-

spectively, in qualitative agreement with the trend observed

in the hexamer simulation. The barriers from monomers to

12-mers were not calculated because the 12-mers did not dis-

aggregate 100% into monomers at 398 K. Further, the 12-mer

simulations indicate that the initial nucleus, i.e., the first stable

aggregate, is with at least eight peptides. More interestingly,

the landscape from 8-mer to 12-mer is quite flat. This is the

case at all three simulation temperatures.

Nelson et al. hypothesized that the initial nucleus/inter-

mediate state for the GNNQQNY aggregation is approxi-

mately four peptides (6). However, our landscape analysis

shows that the tetramer aggregates act as the transition state in

both the hexamer and the 12-mer simulations, which dis-

agrees with the hypothesis by Nelson et al. (6). The 12-mer

simulations further indicate that the initial nucleus is with at

least eight peptides. Our explicit-solvent simulations at high

temperatures should be compared with a recent simulation

study of Fawzi et al., where they showed that the nucleus of

Ab1–40 chains is an aggregate of 10 peptides in their room

temperature simulations with a coarse-grained model (22).

Another simulation byNguyen et al. indicates that the nucleus

is larger than six Ab16–22 chains (28). Besides simulation

studies, experimental evidence also suggests that there are

more than seven chains for the nucleus of the Ab1–40 fibrils

(38). Thus, the observation of the tetramer aggregates as the

transition state in both the hexamer and 12-mer simulations is

not due to the use of the high-temperature simulation condi-

tions. Further, the initial nucleus turns out to be higher-or-

dered aggregates that are more stable than the tetramer

aggregates. Interestingly, Gsponer et al. showed that the ini-

tial nucleus of the GNNQQNY fibrils may be a three-peptide

b-sheet based on their three-peptide simulations (49). Ap-

parently, their simulation system is too small to observe any

higher-ordered nuclei. Our landscape analysis further shows

that the dimer aggregate is not a thermodynamically stable

state. A recent MD study by Zheng et al. (50) also shows that

the dimer aggregate is unstable. For Ab1–42, dimers were not

observed by mass spectrometry or unstable in simulations

(51,52).

To gain a more detailed understanding of the disaggrega-

tion mechanisms, we have also studied the disaggregation

landscape with respect to the two peptide interfaces in

the crystal structure, i.e., the b-sheet main-chain contacts

(b-contacts) and the dry side-chain contacts (dry contacts) as
identified in the crystal structure (6). Two native contact

fractions, Qb (b-contact fraction) and Qd (dry contact frac-

tion) as defined in Methods, are used to monitor the interface

disaggregation progress. The calculation of the landscape is

similar to that of the landscape with respect to the order of

aggregate. The disaggregation landscape with respect to the

two interfaces (see Fig. S1 in Data S1) suggests that dry

contacts disrupt earlier than b-contacts. (Only interface

analyses for the hexamer simulation are shown. The interface

analyses for the 12-mer simulation yield conclusions quali-

tatively similar to those from the hexamer simulation; data not

shown.) This is consistent with our kinetics analysis of the two

interfaces below and the hypothesis by Nelson et al. based on

their crystal structure that the dry interface forms later than the

b-sheet (6).

Disaggregation kinetics

The disaggregation mechanisms for the two model systems

were further analyzed from a kinetics perspective. We made

two assumptions to simplify the kinetics analysis of the

complex systems. The first assumption is that only one pep-

tide dissociates from a given aggregate at any given time in the

disaggregation trajectories. This assumption turns out to be

quite reasonable: we analyzed all saved snapshots for both the

hexamer and the 12-mer simulations and found that only

;2.0% snapshots in the 12-mer simulations and ,1.0%

snapshots in the hexamer simulations violate the assumption.

The second assumption is that the disaggregation of any ag-

gregate is an irreversible first-order reaction at the high-tem-

perature simulation condition, i.e., the order of aggregate at

any given time only decreases as simulation proceeds. Ap-

parently, this further reduces the complexity of the disag-

gregation kinetics analysis. Our detailed snapshot analysis

shows that ;1.1% snapshots in the 12-mer simulations and

,0.7% snapshots in the hexamer simulations undergo an

aggregation.

Given the two assumptions, we have the following kinetic

model for the 12-mer model:

FIGURE 3 12-mer landscape (relative lnP) versus the order of aggregate

at three high simulation temperatures. The value of 12-mers is set as

reference. The uncertainties are obtained by the jackknife approach. Uncer-

tainty of the first data point is too small to be seen.
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M12 ���!k12 M11 1M1

M11 ���!k11 M10 1M1

..

.

M2 ���!k2 2M1: (1)

HereMi represents an i-mer aggregate of imonomers and ki is
the corresponding reaction rate. The kinetic model for the

hexamer model follows similarly. Further, we may use the

following system of ordinary difference equations (ODEs) to

model the concentration changes of all aggregates in the

disaggregation kinetics,

d½M12�
dt

¼ �k12½M12�
d½M11�
dt

¼ k12½M12� � k11½M11�

..

.

d½M2�
dt

¼ k3½M3� � k2½M2�
d½M1�
dt

¼ k2½M2�1 +
12

i¼2

ki½Mi�; (2)

where [Mi] is the concentration ofMi . If the rate constants ki
and the initial concentrations of aggregates are known, we can

calculate the concentrations of aggregates at any time. Thus,

we can optimize a set of rate constants that yield the best

agreement between the aggregate concentrations from the

ODE system and the aggregate concentrations estimated from

the all-atom simulation trajectories.

In this study, the rate constants in the ODE system (Eq. 2)

were optimized by minimizing the root-mean squared devi-

ation between the time-dependent aggregate concentrations

(note that concentrations from all simulations were approxi-

mated with aggregate percentages, but with stoichiometry

considered) from Eq. 2 and those from simulations. Obvi-

ously, a brute-force systematic search of all rate constants is

an exponentially hard problem, especially for the 12-mer ki-

netics. Fortunately, the concentrations of higher-order ag-

gregates only depend on a few rate constants. For example,

[M12] only depends on k12 and [M11] only depends on k12 and
k11. Therefore, we first estimated all rates successively, in the

order of k12, k11, k10, . . . . . ., and k1. This was followed by a

systematic refinement to fine-tune all rate constants.

The final optimized rate constants are listed in Table 1 and

the fitted curves along with the simulation data are plotted in

Fig. 4 for the hexamer simulation and Fig. 5 for the 12-mer

simulation. An apparent observation is that the tetramer ag-

gregates overall have the highest rate constant in the hexamer

simulations; and in the 12-mer simulations the highest rates

are mostly found at the trimer and tetramer aggregates; con-

sistent with the landscape analysis, it shows that these states

are most in transit during disaggregation. Furthermore, rate

constants k8, k9, k10, k11, and k12 are very similar in the 12-mer

simulations, corresponding to their roughly equal probabili-

ties of occurrence as shown in its landscape analysis (Fig. 3).

Thus aggregates of 8-mer to 12-mer aremeta-stable during the

disaggregation process of the 12-mer model, indicating that

they are the possible nuclei/intermediate states in its disag-

gregation. Specifically, the eight-peptide aggregate is proba-

bly the smallest nucleus in the process.

More importantly the ‘‘transit’’ nature of the tetramer ag-

gregates are independent of the models used in the simula-

tions, indicating that the tetramer aggregates probably play

the role of transition state in the initial nucleation of the

GNQQNY fibrils. The temperature-dependence of the anal-

yses shows that the above conclusions probably still hold at

the room temperature.

Classical analysis of the hexamer kinetics

We also tested two competing classical kinetics models to

confirm the absence of intermediate state in the hexamer ki-

netics.Here the time-dependent concentrations of aggregates in

two competing kinetics models are first discussed: one without

the intermediate state and one with the intermediate state.

These are followedbykinetics fitting to bothmodels to validate

the absence of intermediate state in the hexamer kinetics.

Two-state transition

In this kinetics model, hexamers directly disaggregate into

monomers without any intermediate state. Thus we have

H
���!k61 6M; (3)

where H is hexamer, M is monomer, and k61 is the forward
rate. The corresponding rate equations are

TABLE 1 Kinetic rates fitted with respect to Eq. 2

k2 k3 k4 k5 k6 k7 k8 k9 k10 k11 k12

Hexamer, 348 K 0.17 0.31 0.90 0.41 0.19

Hexamer, 398 K 0.80 0.90 2.4 1.9 1.2

Hexamer, 448 K 1.6 3.5 12 6.3 5.7

Hexamer, 498 K 6.0 16 23 19 16

12-mer, 398 K 0.25 0.31 0.38 0.30 0.20 0.17 0.13 0.11 0.15 0.14 0.13

12-mer, 448 K 1.0 2.8 2.9 1.4 0.80 0.79 0.48 0.60 0.52 0.53 0.48

12-mer, 498 K 6.5 7.2 6.1 4.5 3.2 2.2 1.7 1.7 1.5 1.7 1.8

All rates were sampled with two significant digits, corresponding to 1.0% relative uncertainty in the fitted values. The root mean-squared absolute deviations

between fitted and simulation percentages are ,2.0% for the hexamer simulations, and ,1.1% for the 12-mer simulations.
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d½M�
dt

¼ 6k61½H�; (4)

½H�ð0Þ ¼ ½H0�; (5)

C ¼ ½M�1 6½H�; (6)

where [H0] is the concentration of H at the beginning of

disaggregation andC is the total protein concentration in term

of monomers. Here the solution is

½H� ¼ ½H0�e�k61t; (7)

½M� ¼ 6½H0�ð1� e�k61tÞ: (8)

Clearly, both [H] and [M] follow single-exponential kinetics

with an apparent rate constant k61.

Consecutive three-state transition

In this kinetics model we further assume that tetramers, T, act
as intermediate as hypothesized by Nelson et al. based on

their crystal structure (6). Thus we have

H
���!k64 T1 2M

���!k41 6M; (9)

where k64 and k41 are the forward rates for the first and second
transitions, respectively. The corresponding rate equations

are

d½H�
dt

¼ �k64½H�; (10)

d½M�
dt

¼ 4k41½T�1 2k64½H�; (11)

½H�ð0Þ ¼ ½H0�; (12)

C ¼ ½M�1 4½T�1 6½H�: (13)

Here the solutions are

½H� ¼ ½H0�e�k64t; (14)

½M� ¼ Pe
�k64t 1Qe

�k41t 1C; (15)

where

P ¼ 2ðk64 � 3k41Þ½H0�
k41 � k64

; (16)

Q ¼ �P� C: (17)

Comparing Eqs. 7 and 8 with Eqs. 14 and 15, the most

important difference between the two kinetics models is the

function forms for [M], one or two exponential terms. This is

similar to protein folding. The high-temperature disaggrega-

tion simulation data at all four different temperatures was

fitted to both kinetics models to test which one is more

suitable. Our analysis shows that [M] at all four temperatures

can be represented well by single-exponential functions as

shown in Fig. S2 in Data S1. This suggests that the disaggre-

gation process can be described by the first-order kinetics at

the high-temperature simulation conditions. For monomers,

the half-times are 11.60 ns, 2.47 ns, 0.73 ns, and 0.25 ns at

348 K, 398 K, 448 K, and 498 K, respectively. For hexamers,

the half-times are 6.83 ns, 1.19 ns, 0.20 ns, and 0.10 ns,

respectively. Clearly, the rate of disaggregation increaseswith

temperature. The independence of kinetics with respect to

temperature indicates that the room-temperature kinetics of

hexamer disaggregation is probably also first-order by the

classical kinetics analysis.

Disaggregation kinetics of two interfaces

To gain a more detailed understanding of the disaggregation

kinetics, we have also studied the kinetics of the two interfaces

FIGURE 4 Kinetics of monomers (solid lines/solid dots) and hexamers

(dash lines/open dots) in the hexamer simulations from simulations (dots)
and from Eq. 2 (lines). A total of 40 ns data per trajectory were used for 348

K, 20 ns for 398 K, and 10 ns for 448 K and 498 K, respectively. Each

simulation data point was block-averaged over 0.4 ns and all 10 trajectories.

The standard error for each data point is plotted as uncertainty, which is too

small to be seen.
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for the hexamer model: the bmain-chain contacts and the dry

side-chain contacts in the original crystal structure (6). Two

native contact fractions (Qb and Qd) are used to monitor the

interface disaggregation kinetics. Time evolutions of Qb and

Qd at all four temperatures are shown in Fig. S3 in Data S1.

Overall, their disaggregation processes can be represented

well by single-exponential functions, indicating that all pro-

cesses obey first-order kinetics at the high-temperature sim-

ulation conditions. Fig. S3 in Data S1further shows that Qd

decays faster thanQb at all four temperatures, suggesting that

dry interface disrupts more quickly than that of the b-sheet,
consistent with the above landscape analysis of the two in-

terfaces.

Transition state analysis

The landscape analyses above show that there probably is one

transition state corresponding to the maximum along the

disaggregation pathway whether the hexamer or the 12-mer

model was used in the simulations. Clearly, the maximum

corresponds to the tetramer aggregate (apparently this is not

according to the brute-force p50 rule, which is extremely

difficult to simulate in explicit solvent). Using the hexamer

model as an example, we studied the transition state (TS)

structures discovered in the landscape analyses. We scanned

MD snapshots for TS structures, or tetramers, in all inde-

pendent trajectories at each simulation temperature, 348 K,

398 K, 448 K, and 498 K, respectively. At 348 K a total of

2230 snapshots out of 400 ns were found at TS. As shown in

Fig. S4 in Data S1 (discussed in Methods), a total of five

conformations are possible for the tetramer aggregate. Our

analysis shows that Tetramer (1) andTetramer (3) are themost

popular conformations. The distribution of Tetramer (1–5) at

348 K is as follows: 1191, 29, 814, 8, and 188. Interestingly,

the distribution is qualitatively the same at other temperatures,

i.e., with Tetramer (1) and Tetramer (3) being the most pop-

ular conformations. At 398 K the distribution is 613, 90, 789,

1, and 25. At 448 K the distribution is 151, 61, 490, 0, and 63.

At 498K the distribution is 73, 5, 125, 1, and 2. It is interesting

to note that Tetramer (1) is more sensitive to the simulation

temperature than Tetramer (3), especially at lower simulation

temperatures, as expected from the arrangement of the pep-

tides (Fig. S4 in Data S1). The temperature-dependence of the

two conformations also indicates that Tetramer (1) is probably

the predominant transition state structure at room tempera-

ture.

Fig. 6 illustrates the two representative conformations

(closest to the mean conformations) at TS at 348 K. Fig. 6 A

FIGURE 5 Kinetics of monomers and 8-mers

(left), 9-mers and 10-mers (center), and 11-mers

and 12-mers (right) in the 12-mer simulations

from simulations (dots) and from Eq. 2 (lines).

Here, solid circles are for solid lines; and open

circles are for dash lines. A total of 57 ns data

per trajectory were used for 398 K, 22 ns for 448

K, and 8 ns for 498 K, respectively. Each data

point was block-averaged over 0.4 ns and all 20

trajectories. The standard error for each data

point is plotted as uncertainty, which is too

small to be seen.

FIGURE 6 Representative transition state conformations at 348 K. (A).
Tetramer (1). (B). Tetramer (3). Here, shading represents aggregated pep-

tides, and solid represents disaggregated peptides.
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shows a snapshot of Tetramer (1), where three strands ag-

gregate into a twisted parallel b-sheet with b-contacts and the
fourth strand aggregates to the sheet with dry contacts, i.e.,

the 3-1 arrangement. Fig. 6 B shows a snapshot of Tetramer

(3), where four strands aggregate into two twisted parallel

b-sheets (i.e., the 2-2 arrangement), which are separated by

the dry interface.

Meta-stable nuclei/intermediate states

Our landscape and kinetics analyses show that possible meta-

stable nuclei or intermediate states exist in the 12-mer simu-

lations. These meta-stable aggregates appear to be 8-mers

through 11-mers regardless of temperatures in the 12-mer

simulations. More interestingly their probabilities of occur-

rence are all quite similar to that of the 12-mer aggregates (Fig.

3), i.e., the landscape is rather flat from 8-mers to 12-mers.

This can be attributed to their highly similar rates constants as

shown in Table 1. We scanned MD snapshots for these meta-

stable structures, i.e., 8-mers to 11-mers, in all 20 independent

trajectories at each simulation temperature, 398K, 448K, and

498 K, respectively. Similar to the situation in the transition

state analysis, multiple conformations are possible for any of

these meta-stable aggregates. Our analysis shows that the

distribution of 8-mers at 398 K is as follows: 4 (the 6-2 ar-

rangement), 6129 (5-3), and 123,115 (4-4). The distribution is

qualitatively the same at other temperatures, i.e., with the 4-4

arrangement being the most popular conformation. At 448 K

the distribution is 113 (6-2), 3058 (5-3), and 33,010 (4-4). At

498 K the distribution is 0 (6-2), 1603 (5-3), and 8377 (4-4).

Only two conformations in the 6-3 and 5-4 arrangements were

observed for 9-mers, with the 5-4 arrangement being the

overwhelmingly popular one. Similarly for 10-mers, two

conformations in the 6-4 and 5-5 arrangements were ob-

served, with the 5-5 arrangement being the dominant one.

Only one conformation in the 6-5 arrangement was observed

for 11-mers in the 12-mer simulation. Overall these meta-

stable nuclei appear to prefer conformations with as many dry

side-chain contacts as possible.

It is interesting to point out that the dominance of confor-

mations that maximize dry side-chain contacts is much more

pronounced at lower temperatures. This temperature-depen-

dent behavior indicates that these types of arrangements are

probably the predominant nucleus structures at room tem-

perature. Fig. 7 illustrates the representative conformations

(closest to the mean conformations) for these nuclei at 398 K.

Note that the parallel b-sheet structures are not similar to the

open or closed b-barrels as reported previously (21,33,34). In
addition, the b-sheet content of these nucleus/intermediate

state conformations is higher than those reported previously

(21,33,34). It can be argued that the high b-sheet content
might be due to the high concentration used. However, the

concentration used in this work is within the literature values.

Specifically the concentrations in the literature (21,33,34) are

very similar to that used in this work. Therefore, the observed

differences in the nucleus structures between the literature

(21,33,34) and this work are less likely to be due to the con-

centrations used, and more likely to be due to the different

protein models used.

Finally, it should be pointed out that the conformations of

larger nuclei, with the 11-mer nucleus being the extreme case,

are likely to be undersampled due to the use of the 12-mer

model. A simulation of much larger model may sample other

possible conformations at the chosen simulation tempera-

tures.

Disaggregated state

All high-temperature simulations eventually reach the dis-

aggregated equilibrium state except the 12-mer simulation at

398 K. At the disaggregated state, there are neither native

b-contracts nor dry contacts. This suggests that all peptides

are separated from each other and form random coil.

Aggregated state

As a reference for the above disaggregation simulations,

multiple independent trajectories of 20.0 ns each were simu-

lated at 298K to analyze the aggregated state. Interestingly the

twisted parallelb-sheet arrangement is already apparent in the

hexamer model (Fig. 1 A) and even more so in the 12-mer

model (Fig. 1 B) as previously observed in a molecular dy-

namics simulation of a much larger aggregate (37). The av-

erage interstrand distance is;4.886 0.33 Å and the average

intersheet distance is ;9.15 6 0.19 Å throughout the simu-

lations, in agreement with experimental observations (6).

The room-temperature stability for the hexamer model, in

term of root mean-squared fluctuation of Ca atoms, was also

studied and shown in Fig. S5 in Data S1. The data indicates

FIGURE 7 Representative nucleus/intermediate state conformations at

398 K. (A) 8-mer with four disaggregated peptides; (B) 9-mer with three disag-

gregated peptides; (C) 10-mer with two disaggregated peptides; and (D)

11-mer with one disaggregated peptide. Here, shading represents aggregated

peptides, and solid represents disaggregated peptides.
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that all peptides behave qualitatively similarly with lowmain-

chain fluctuation at the five central residues and with high

main-chain fluctuation at the two terminal residues, suggest-

ing that the central residues are more rigid than the terminal

residues. This is in agreement with the report of Zheng et al.

(50). Note that the fluctuation of Asn-6 and Tyr-7 is higher

than that of Gly-1 and Asn-2 in strands #1 and #3 (strand
labels are shown in Fig. 1), but the fluctuation of Asn-6 and

Tyr-7 is lower than that of Gly-1 and Asn-2 in strands #4 and

#6, consistent with the observation of twisted b-parallel
sheets.

To further monitor the interactions responsible for the

hexamer stability at the aggregated state, interstrand hydrogen

bonds and dry interface contacts were studied. As shown in

the structure from Nelson et al., any two adjacent GNQQNY

strands in the same sheet form 11 hydrogen bonds. The

populations of the 11 hydrogen bonds between strand #1 and

#2 are shown in Fig. S6 in Data S1. Clearly, seven of them are

stable and four are not. The hydrogen bonds between the

following pairs of residues are stable:

Gln-4(#1) and Gln-11(#2);

Gln-4(#1) and Gln-12(#2);

Asn-2(#1) and Asn-10(#2);

Asn-3(#1) and Asn-10(#2);

Gln-4(#1) and Asn-10(#2);

Asn-6(#1) and Gln-12(#2); and

Asn-6(#1) and Asn-13(#2).

The hydrogen bonds between other b-strands are also studied
and very similar populations are observed (data not shown).

The populations of nine unique dry contacts (those between

strands #1 and #4, strands #1 and #5, and strands #2 and #5)

are shown in Fig. S7 in Data S1. Six stable dry contacts can be

found with populations .75%. The stable dry contacts

include:

Gln-4(#1) and Gln-25(#4);

Asn-9(#2) and Asn-34(#5);

Gln-4(#1) and Gln-32(#5);

Gln-11(#2) and Gln-32(#5);

Asn-2(#1) and Asn-27(#4); and

Asn-6(#1) and Asn-30(#5).

The remaining three dry contacts are rather unstable. Note that

contacts between strands #2 and #6 are very similar to those

between strands #1 and #5, and contacts between strands #3

and #6 are very similar to those between strands #1 and #4

(data not shown). These stable hydrogen bonds and dry

contacts should be the major driving forces for stability and

aggregation.

Disaggregation pathways and possible
aggregation pathways

The disaggregation simulations at 348 K, 398 K, 448 K, and

498 K for the hexamer model and those at 398 K, 448 K, and

498 K for the 12-mer model indicate that the disaggregation

mechanisms are not dependent on temperature, though acti-

vation barriers are different. This shows that the disaggrega-

tion of GNNQQNY aggregates at 298 K may follow

qualitatively the same pathways. If we assume that aggrega-

tion is the reverse of disaggregation, the proposed aggregation

pathway is from monomers to the first meta-stable 8-mer

nucleus/intermediate state with tetramers acting as the tran-

sition state, as depicted in Fig. 8. Once the eight-peptide nu-

cleus/intermediate state is reached, there are no more

significant activation barriers separating it from higher-order

nucleus.

Two dominant transition state conformations are Tetramer

(1) and Tetramer (3) (Fig. 6). The temperature-dependence of

the two conformations indicates that Tetramer (1) is probably

the preferred transition state structure at room temperature.

This is also consistent with the interface landscape analysis

(Fig. S1 in Data S1) and kinetics analysis (Fig. S3 in Data S1)

that b-sheet forms earlier than the dry interface. The smallest

meta-stable nucleus/intermediate state is with eight peptides

(Fig. 7). This is followed by 9-mers, 10-mers, and 11-mers

before reaching the 12-mer aggregates. The preferred nucleus

conformations are those that maximize dry side-chain con-

tacts. This is especially the case at lower temperatures, indi-

cating these types of conformations are probably the

predominant nucleus conformations.

It should be pointed out that a limitation of any explicit

solvent simulations of protein aggregation is the small ag-

gregate sizes that have to be used to collect enough simulation

data within reasonable CPU time. This is the case even when

high temperatures are used. Thus, this study does not exclude

other possibilities of kinetic pathways that involve higher-

order aggregates. In addition, we cannot exclude the possi-

bilities that disaggregation pathways are different from

aggregation pathways, though the conclusions from our high-

temperature all-atom simulations in explicit solvent are

FIGURE 8 Proposed aggregation pathway. The b-contacts are shown as

solid lines; dry contacts are shown as dashed lines. Here, solid circles

represent aggregated peptides; open circles represent disaggregated peptides.
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qualitatively consistent with previous room-temperature

simulations in more efficient protein models. Finally both

landscape and kinetics analyses depend on the choice of order

parameters or observables. This is the case for both simulation

and experiment. Here we have chosen a natural progress var-

iable, order of aggregate, in our analysis of the GNNQQNY

aggregation. Obviously, different order parameters can be

chosen in the above analyses to gain understanding from

different angles. For example, we have conducted landscape

and kinetics analysis with respect toQd andQb to understand

the interplay of dry andb-contacts in the disaggregation of the
hexamer model.

CONCLUDING REMARKS

We have utilized the GNNQQNY crystal structure and high-

temperature molecular dynamics simulation in explicit sol-

vent to understand the disaggregation mechanisms of a

GNNQQNY hexamer model and a 12-mer model with two

parallel b-sheets separated by a dry interface. Cumulatively,

1 ms trajectories were collected for the hexamer model at

five different temperatures (298 K, 348 K, 398 K, 448 K, and

498 K), and 2.1 ms trajectories were collected for the 12-mer

model at four temperatures (298 K, 398 K, 448 K, and

498 K). The disaggregation landscape indicates that tetra-

mers probably act as the transition state for both the hexamer

and the 12-mer simulations. Additionally, the landscape of

the 12-mer simulations shows that the initial aggregation

nucleus is with eight peptides. Furthermore, the landscape is

rather flat from 8-mers to 12-mers indicating the absence of

major barriers once 8-mers form. Our kinetics analyses are

consistent with the landscape analyses. The proposed ag-

gregation pathway is from monomers to the first meta-stable

8-mer nucleus/intermediate state with tetramers acting as the

transition state. Once the eight-peptide nucleus/intermediate

state is reached, there are no more significant activation

barriers separating it from higher-order nucleus. The two

preferred transition state conformations are Tetramer (1) in

the 3-1 arrangement and Tetramer (3) in the 2-2 arrange-

ment. The predominant nucleus conformations are in pep-

tide arrangements maximizing dry side-chain contacts. In

addition, our simulations also indicate that the parallel

b-sheets form earlier than the dry interface during aggre-

gation. Our analysis of the aggregated state indicates that all

b-strands behave similarly with low main-chain fluctuation

at the five central residues and with high main-chain fluc-

tuation at the two terminal residues, suggesting that the

central residues are more rigid than the terminal residues.

Population analysis of hydrogen bonds shows that most of

them are stable with populations .75%. Analysis of side-

chain contacts shows most of them are stable with popula-

tions .75%. These stable hydrogen bonds and side-chain

contacts should be the major driving forces for stability and

aggregation.

SUPPLEMENTARY MATERIAL

To view all of the supplemental files associated with this

article, visit www.biophysj.org.
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