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Chapter 7

Elucidating the Locking Mechanism of
Peptides onto Growing Amyloid Fibrils
through Transition Path Sampling

We study the mechanism of monomer addition to a growing amyloid fibril. The LV EALY L
heptapeptide, which is the main amyloidogenic region from the insulin peptide hormone, is
used as a model system. By using transition path sampling (TPS) to study the transition from
a docked peptide to a fully incorporated peptide, we find that there are two routes for this so-
called locking transition. Both involve the formation of backbone hydrogen bonds between the
three central amino acids of the attaching peptide and the fibril and changing the orientation of
the central Glu sidechain of the attaching peptide towards the interface between the two sheets
forming the fibril. The two routes differ in the order in which these two key steps take place.
Furthermore, we show that proper docking is important for correct alignment of the peptide
with the fibril.

7.1 Introduction

Amyloid fibril growth is thought to occur through incorporation of one peptide monomer at
a time [58]. This monomer addition is essentially a two-step process, often referred to as the
“dock-lock” mechanism:

PS ⇀↽ PD ⇀↽ PF , (7.1)

where PS , PD and PF represent respectively the peptide in solution, in the docked state and in
the fibril state. In the docking step, the monomer binds to the fibril on the time scale τD. Docking
is followed by locking on the time scale τL. Here, the monomer changes its conformation to
adopt the fibril conformation, thereby enhancing its binding affinity for the fibril [58–61, 191,
192]. During this so-called locking phase backbone hydrogen bonds between the peptide and
the fibril form as well as the dry interface between the sheets. This dry interface is often termed
a “steric zipper” [35]. Although both steps are in principle reversible, the second step is highly
biased toward PF , so that PD → PF is usually thought of as irreversible. Estimates from
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experiments [60] and simulation [193] have shown that τL/τD � 1 at experimentally relevant
concentrations. Hence, locking is the rate limiting step in monomer addition.

In this chapter we aim to study the dynamical mechanism of addition of a small peptide
to a growing fibril. These small peptides have been studied extensively as model systems for
their full length proteins, both experimentally and with computer simulations, as they are more
straightforward to work with. Moreover, the peptides can be easily synthesised and modified
making them attractive building blocks for nanomaterials [4]. Knowledge of the interactions
involved in docking and locking of the peptides onto growing fibrils, would benefit rational
design of such peptide building blocks.

As a model system we chose the amyloidogenic heptapeptide 11LV EALY L17 from the in-
sulin B-chain. The peptide hormone insulin consists of two chains linked by two disulfide
bridges. Insulin fibril formation is enhanced by elevated temperatures, low pH and increased
ionic strength [194–196]. Fibril formation causes problems in the production and storage of in-
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Figure 7.1: Schematic side and top view of the fibril. L indicates the amino acid leucine (Leu), V valine
(Val), E glutamate (Glu), A alanine (Ala) and Y tyrosine (Tyr). The sheets are labeled SH1 and
SH2 and the peptides within one sheet are labeled P1-4. Hence SH1P2 refers to peptide 2 of
sheet 1. The side view indicates which amino acid sidechains interact to form the dry interface
between the sheets. As shown in the top view, peptides form parallel β-sheets.

sulin for pharmacautical purposes [197]. Moreover, insulin fibrils have been observed at sites
of frequent insulin injection in patients suffering from diabetes [198, 199]. The 11LV EALY L17

sequence from the B-chain has been identified as the main contributor in insulin fibril formation
and a high resolution structure has been elucidated recently [200]. The atomistic, dynamical
mechanism of fibril formation, however, remains a mystery.

In principle, it is possible to use straightforward MD simulations to study the kinetic mech-
anism of docking and locking of peptides onto a growing fibril end [61, 191, 192]. However, this
approach is suboptimal as a long time will be spend sampling the (meta)stable states instead of
transitions between them. Moreover, observation of a single event will not be conclusive as con-
formational changes can occur following many different pathways. Thus, the use of straightfor-
ward MD simulations to study spontaneous docking and locking will be very computationally
expensive. Many rare event sampling methods have been developed to overcome the long wait-
ing times inherent in straightforward MD simulations. However, these methods rely on either
biasing the system along a predefined reaction coordinate (e.g. steered MD [141] or metadynam-
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ics [128]) or on acceleration of dynamics by raising the temperature (REMD [131]). As the choice
of order parameter in which to bias can severely affect the reaction pathway, real insight into the
kinetic mechanism can only be obtained from unbiased MD simulations. Transitions observed
in REMD simulations, on the other hand, usually occur at higher temperatures and may there-
fore not be representative for the mechanism at ambient temperatures. Transition path sampling
(TPS) [152], as discussed in chapter 2, offers a method that does allow for unbiased sampling
of the transition from one (meta)stable state to another at the temperature of interest by collect-
ing an ensemble of reactive trajectories. These reactive trajectories are relatively short (in the
order of ns), while conventional MD simulations would require several micro- to milliseconds
to obtain similar sampling of transitions. Not only does a TPS simulation allow us to study the
kinetic mechanism of the transition, it also enables evaluation of the transition state ensemble
and the optimal reaction coordinate (in terms of individual order parameters) to describe the
reaction [152].

In this chapter we will employ TPS simulations to elucidate the kinetic mechanims of locking
of a peptide monomer to an amyloid fibril. As locking is in principle reversible, we investigate
detachment of the peptide from the fibril. The locking process is then simply the time-reversed
trajectory. First, steered MD simulations were performed to obtain an estimate of the PMF of
this reaction. One of the steered MD paths is used as the initial path for the TPS simulations.
The TPS results are subsequently analysed and, using likelihood maximisation (see chapter 2),
the reaction coordinate is optimised.

We show that TPS simulations can be used to gain new insights into amyloid fibril formation.
TPS has, to our knowledge, upto now only been used to study dimerisation of similar peptides
[201] and not yet to study larger oligomers.

Our results indicate that the docked state, where the C-terminal leucine (Leu or L) contacts
are formed is important for proper alignment of the locking peptide with the fibril. Locking
involves hydrogen bond formation between the protonated glutamate (Glu, E) sidechain of a
peptide in the opposite sheet to the alanine (Ala, A) backbone of the locking peptide. The tran-
sition state ensemble identified through likelihood maximisation reaction coordinate analysis
indicates that the orientation of the Glu sidechain towards the opposite sheet is an important
step in locking.

7.2 Simulation Details

A stack of two interdigitated sheets of four peptides with sequence 11LV EALY L17 (see Fig. 7.2)
was constructed based on the crystal structure PDB ID code 3HYD [200]. For clarity we will refer
to the sheets as SH1 and SH2 respectively, with the peptides numbered per sheet (SH1P1-SH1P4)
and the residues numbered per peptide (SH1P1L1) as indicated in figure 7.1. This system will
henceforth be referred to as “the fibril”. We restricted ourselves to such a small fibril to keep
the TPS simulations tractable. According to the classification presented in the introduction, this
fibril belongs to class 1 [35] - strands within one sheet run in parallel and the sheets are oriented
face-to-face (the same residues interact to form the interface) and up-up (having the same edge
of their strands up). The peptides are simulated using the GROMOS96 force field [170] and
are solvated by SPC water molecules [93]. The GROMOS96 force field was chosen because this
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force field was shown previously to give the best representation of experimentally observed
dynamical behaviour of the insulin B chain [202]. As fibril formation is most pronounced at
low pH, the glutamate sidechains and the N- and C-termini of the peptides are protonated. The
system is neutralised by 8 Na+ ions.

All simulations are performed with the GROMACS package version 4.0 [79]. Using con-
straints - LINCS [99] for the protein and SETTLE [96] for the waters - allows for a 2fs timestep.
The temperature is kept at 311 K using the velocity-rescale thermostat [203].

To equilibrate the fibril structure and test its stability a 50 ns straightforward MD simulation
of the solvated system (5x5x5 nm3 box, 4005 SPC waters) is run. Beforehand, the system was
energy minimised using conjugate gradient and a 20 ps simulation with position restraints on
the protein was run to equilibrate the water around the fibril. For this simulation the pressure
is kept at 1 bar using Parrinello-Rahman coupling [84]. The resulting structure is used as input
for our steered MD (SMD) simulations.

The SMD simulations are performed in a rectangular box (4x4x7 nm3, 3432 SPC waters,
volume adjusted to the average volume after equilibration) at constant volume (after energy
minimisation and water equilibration as described above). The hydrogen bond direction in the
sheets is oriented parallel to the long axis of the box (here the z-axis). One of the outer peptides
(SH1P1) was pulled away from the fibril along the z-axis (pulling velocity v= 0.31 nm/ns and
spring constant k=10000 kJ/mol nm2), leaving a step-wise vacancy in the fibril with one sheet
consisting of 4 peptides and one sheet consisting of three peptides. The other peptides in the
fibril are position restrained (backbone atoms only) in order to provide a stable fibril template
to the detaching peptide [192]. Pulling was done on the centre of mass (com) of the backbone
atoms of SH1P1 with respect to the com of the backbone atoms of the remaining peptides in
the fibril. Twenty individual SMD trajectories (3.5 ns per trajectory) were generated in order to
calculate the PMF for removing one peptide from the fibril. The PMF was calculated according
to Jarzynski’s relation as explained in chapter 2. One of the SMD trajectories was used as the
initial trajectory for the TPS simulations. The TPS simulations use the same system settings as
the SMD simulations.

VMD [172] was used to visualise structures and trajectories.

7.3 Results and Discussion

7.3.1 Simulating the Locked State

After constructing the fibril from the crystal structure, a 50 ns MD simulation was performed to
test the stability of the fibril and obtain order parameters for the locked state. One would expect
the C-terminal part of the β-sheets to be more stable than the N-terminal part, because at low
pH, the N-termini are positively charged resulting in a repulsive interaction that destabilises the
β-sheet structure at the N-terminus. Protonation of the C-terminus, on the other hand, results
in neutral C-termini and enhances the stability on this side of the sheets as an extra hydrogen
bond possibility is introduced. The stability of C-terminal side of the fibrils is futher enhanced
by π − π-stacking of the Tyr sidechains of neighbouring peptides as can be seen in Fig. 7.2. As
the fibril belongs to class 1 (see chapter 1 [35]), the contribution of the steric zipper interactions

116



Side Top

0 1 2 3 4 5 6 7 8
Residue

0

0.05

0.1

0.15

0.2

0.25

R
M

SF
 (n

m
)

SH1P1
SH1P2
SH1P3
SH1P4
SH2P1
SH2P2
SH2P3
SH2P4

7 7

7
7

1

1
1

1

Figure 7.2: Fibril structure and stability. The top window shows the average root mean square fluctu-
ations per residue for the eight peptides. Crosses indicate the four peptides on the outsides
of the sheets, plusses indicate the central four peptides. Below are a side and top view of
the fibril are shown (Leu=pink, Val=brown, Glu=grey, Ala=blue, Tyr=green). The backbones
are shown in cartoon representation, sidechains in licorice representation. It can be seen that
each sheet of the fibril is held together by backbone hydrogen bonds and π − π stacking of
the Tyr sidechains (green). A hydrogen bond is present when donor and acceptor are within
0.35 nm and the N-H-O angle is larger than 150◦. The side view shows the steric zipper. The
Glu sidechains (grey) in the center of the peptides hydrogen bond to peptides of the opposite
sheet. The structure is futher stabilised by hydrophobic interactions, most notably between
the Leu residues (pink)

to the stability is equal for both sides. Indeed fluctuations in the backbone RMSD seem to result
mainly from temporary loss in β-sheet structure for the N-terminal two residues of the peptides
in both sheets. Loss in β-sheet content is most pronounced for the four peptides on the outsides
of the fibril (indicated by crosses in Fig. 7.2). In our 50 ns simulation, loss of structure hardly
ever propagated beyond the terminal two residues on either side. The protonated Glu sidechain
is located between the two sheets and holds them together by hydrogen bonding to the Ala
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backbone oxygen of a peptide in the opposite sheet.

7.3.2 Steered MD Simulations

Pulling one peptide (SH1P1) away from the fibril by increasing the centre of mass (com) distance
along the fibril axis in 20 SMD simulations results in a PMF as shown in Fig. 7.3. At a com
distance of approximately 1.2 nm all interactions between the peptide and the fibril are broken
and the peptide is fully solvated. Here, the PMF levels off to 110 kJ/mol. Hence, detachment
of a peptide from the fibril costs approximately 15 kJ/mol (6 kBT ) per residue. The shape of
our PMF resembles those observed for similar systems [204] and the differences in free energy
cost of several kBT may arise from sequence or force field differences. The SMD trajectories
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Figure 7.3: The top panel shows the PMF obtained from 20 SMD simulations. Below, the start and end
configurations of one of the SMD simulations are shown. We start from a configuration where
the peptide is fully attached to the fibril and end with a fully solvated peptide, correspond-
ing to a com distance of 1.2 nm or larger. The free energy difference between these states is
approximately 110 kJ/mol.

show that in 17 out of 20 cases the N-terminal contacts are indeed the first to be broken. Once
the first contact has been broken, further interactions are lost by breaking of the next hydrogen
bond along the peptide chain. In 3 out of 20 cases, the C-terminal contacts are the first to be
broken. These results indicate that the most likely docked state is a state where the two C-
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OP Amin Amax Bmin Bmax
dE3E 0.0 0.6 1.0 (1.2) 10 (10)
dA4A 0.0 0.6 1.0 (1.2) 10 (10)
dL5L 0.0 0.6 1.0 (1.2) 10 (10)
nr. hbonds SH1P1-SH1P2 5 7 0 (-) 1 (-)
dmin SH1P1-SH2P1 - - - (0.8) - (10)

Table 7.1: Stable state definitions for the locking TPS simulation. Between brackets is given the definition
of the solvated state of the first attempted TPS simulations aiming to sample path connecting
the locked and fully solvated states. All distances are in nm.

terminal residues (L7 and Y 6) of the attaching peptide are interacting with these same residues
in the sheet it is attaching to.

In principle, it would be interesting to analyse the free energy landscape of this reaction in
more detail using umbrella sampling or replica exchange umbrella sampling [205]. However,
the way the umbrella sampling routines in GROMACS are defined, pulling (and umbrella sam-
pling) is always performed along a vector instead of a true distance. In the case of an umbrella
sampling simulation and even more so in case of replica exchange umbrella sampling simula-
tion (where conformations of neigbouring umbrella windows are swapped in a replica exchange
routine) this definition of the order parameter becomes problematic. As only the distance along
the z-axis is taken into account, conformations with various distances along the x- and y-axes
are allowed in the umbrella window defined as “attached to the fibril”, while the peptide may
in fact be far away from the fibril. While it is possible to avoid this problem [205], here we will
focus on the dynamical process incorporating a new peptide into the fibril using TPS simula-
tions.

7.3.3 TPS Simulations of Incorporation of Peptide Monomers into the Fibril

To investigate the mechanism of fibril growth through the incorporation of peptide monomers
we use transition path sampling (TPS) [152]. TPS samples the ensemble of paths connecting
two predefined stable states A and B by performing a Monte Carlo random walk through path
space. Order parameters are only needed to define the stable states and the paths themselves
are dynamically unbiased, in contrast to paths obtained with e.g. SMD or metadynamics. The
TPS simulation needs to be bootstrapped with an initial path. One way to obtain such a path is
to generate it using SMD. From this initial path new trial paths are generated using a shooting
algorithm. We use the stochastic, flexible pathlength version of the shooting algorithm, previ-
ously shown to work well for protein simulations [155, 156]. Note that the paths are truly time
reversible, so that the A → B trajectories are identical to reversed B → A trajectories. The
velocity-rescale thermostat [203] ensures the stochastic nature of the MD trajectories. Using the
stochastic shooting algorithm allows shooting in one direction, forward or backward, and has
an increased acceptance ratio compared to a deterministic shooting algorithm [154]. For a more
extensive description of TPS we refer to chapter 2.

The SMD simulations indicated that detachment starting from the N-terminus is the most

119



common path from a locked to a solvated state. Therefore we used one of the 17 trajectories
showing this behaviour as our initial path. As the PMF resulting from the SMD simulations did

Misaligned states
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Docked
P

Locked
P

S

D

L

Figure 7.4: Addition of solvated peptide monomer to the fibril. A fully solvated peptide can attach to
the fibril in various ways. Proper docking ensures correct alignment of the peptide monomer
with the fibril. Otherwise, various misaligned states can be encountered.

not show any sign of an intermediate metastable docked state, we first attempted TPS simula-
tions connecting the locked state (A) and the fully solvated state (B) (see Fig. 7.3). The locked
state is defined by the native contacts of the core residues dE3E, dA4A and dL5L, and as having
a minimum of 5 hydrogen bonds formed between peptides SH1P1 and SH1P2. A native contact
is defined as a Cα distance smaller than 0.6 nm. A hydrogen bond is formed when the donor
and acceptor are within 0.35 nm and the N-H-O angle is larger than 150◦. In the fully solvated
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state, the distances of the core native contacts should be larger than 1.2 nm and the minimum
distance between SH1P1 and SH2P1 should be larger than 0.8 nm. An overview of the stable
state definitions is given in Tab. 7.1.

When we attempted a TPS simulation connecting the locked and the solvated states, it turned
out that acceptance ratio was extremely low. When shooting backward from (close to) the sol-
vated state, paths do get stuck in an intermediate state where L7 and Y 6 of peptides SH1P1 and
SH1P2 are in contact. This intermediate is similar in nature to the docked state suggested by the
majority of the SMD trajectories, although this docked state did not show up as a minimum in
the PMF. Moreover, several misfolded states are encountered. These misfolded states include
conformations with a register shift (most frequent) as well as conformations where the peptide
attaches in an anti-parallel instead of parallel fashion (see Fig. 7.4). While these mis-aligned
conformations clearly have not maximised the number of backbone hydrogen bonds or min-
imised their exposed hydrophobic surface, they are relatively stable. The fact that the system
will spend a relatively long time in these metastable traps and has to return to the solvated state
PS increases the observed docking time τD. The observation of these misaligned states suggests
that docking is important for proper alignment of the peptide with the fibril.
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Figure 7.5: Distribution of pathlengths of the accepted paths.

To avoid getting stuck in either the misaligned states or the metastable docked state we will
focus on locking of the peptide from the docked state, which is generally thought to be the rate
limiting step [60,193]. To do so, we redefine stable state B to include, besides the solvated state,
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also the docked state. The system has now reached state B when the distances of the core native
contacts (dE3E, dA4A and dL5L) are larger than 1.0 nm. The stable state definitions are also
summarised in Tab. 7.1. Again, we stress that the labels A and B are entirely interchangable
as TPS samples the reversible process A ⇀↽ B. This new definition of state B is more flexible
compared to the first TPS simulation and includes both docked and fully solvated states. Note
that this definition allows for paths that do not visit the docked state provided that the core
native contacts are no longer present. However, we did not observe such paths.
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Figure 7.6: Three of the decorrelated paths shown for two different conbinations of order parameters.
Both plots indicate that there are two ways of going from state A to B.

Ten independent TPS simulations were performed based on the same steered MD trajectory.
A list of all order parameters monitored during the TPS simulations is given in Tab. 7.3 at the
end of this chapter. From our TPS simulations we obtain 380 accepted paths (acceptance ratio
of 32%) and 25 decorrelated paths (paths that have lost all memory of their initial path). The
average path length is 906 ps and the aggregate simulation time is 0.75 µs. The distribution of
the path lengths shown in Fig. 7.5 has a Poissonian shape characteristic for a stochastic process.

Looking at the trees from the TPS simulations, for example the one in Fig. 7.7, it is clear
that backward accepted paths are much more frequent than forward accepted paths (approxi-
mately 5:1 backward accepted to forward accepted). This is a consequence of using the one way
shooting algorithm in combination with a free energy landscape in which the transition state is
located close to the final state and/or the presence of metastable states as sketched for example
in Fig. 7.9.

The 25 decorrelated paths seem to follow two routes for going from state A to B or vice versa.
In Fig. 7.6 three representative trajectories have been plotted for different combinations of order
parameters. All trajectories start in a state with all backbone hydrogen bonds formed. In this
state a hydrogen bond between the Ala backbone oxygen of SH1P1 and the Glu sidechain of
SH2P1 is present and the Glu sidechain of SH1P1 is oriented towards SH2P1. All trajectories
end in a conformation where SH1P1 and SH1P2 are interacting through L7 only. In this state the
hydrogen bond distance dYoLn (see Tab. 7.3) is usually below 0.35 nm, indicative of a formed
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Figure 7.7: Representative shooting tree of a TPS simulation [153]. The blue line indicates the initial
trajectory. Green lines indicate backward accepted runs, red lines indicate forward accepted
runs. Vertical lines indicate the shooting points. The length of the lines is proportional to
the simulation time. Compared to the accepted backward paths, accepted forward paths are
scarce. This is due to the use of a one-way shooting algorithm in combination with an asy-
metric free energy landscape.

hydrogen bond. In trajectories following route 1 (left in Fig. 7.8) the Glu sidechain from SH1P1
remains oriented towards SH2P1 while hydrogen bonds between SH1P1 and SH1P2 are broken.
Once the sidechain changes orientation, the peptide can go to the docked state. In trajectories
following the other route (right in Fig. 7.8) the Glu sidechain changes orientation before breaking
of the core hydrogen bonds. Regardless of the route followed, the trajectories spend a relatively
long time sampling a region close to stateA. This region is most likely a metastable intermediate
state as indicated in Fig. 7.9.

7.3.3.1 Reaction Coordinates and the Transition State Ensemble

From transition path theory it follows that a good reaction coordinate can predict the commit-
ment probability (committor or p-fold) of a conformation to the final or initial state [206, 207].
Once such a reaction coordinate is identified, the transition state(s) can be identified as a transi-
tion state should have equal commitment probability to the initial and final states.

Although there are various methods to perform committor analysis, we use the likelihood
maximisation (LM) method developed by Peters et al. [157, 158]. The advantage of LM over
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Figure 7.8: Snapshots from two decorrelated paths following different routes from state A to B. The
left route shows that the Glu sidechain from SH1P1 remains oriented towards SH2P1 while
hydrogen bonds between SH1P1 and SH1P2 are broken (TSa). In a next step the Glu sidechain
becomes fully solvated followed by transition to state B. The other possibility is for the Glu
sidechain to change orientation before breaking of the core hydrogen bonds (TSb).

other methods is that it only requires data from the TPS simulation. A description of the LM
approach can be found in chapter 2.

We use all 555 backward shooting points for LM and tested all possible linear combinations
of up to three order parameters. For this set of shooting points adding more parameters to the
reaction coordinate is only significant is δLmin = 3.159.

Table 7.2 lists the reaction coordinates identified by LM analysis. Going from 1 to 2 order
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Figure 7.9: Sketch of the shape of the FE landscape causing the unbalance in forward and backward
accepted paths as observed in our TPS simulation. The locked and docked states are indicated
as well as the transition state (TS). The dotted line extends the FE landscape to include the
solvated state.

n lnL reaction coordinate
1 -347.4 1.924 - 2.014 ×dE3E
2 -345.1 1.912 - 0.387 ×Shbd− 0.7332× dGlu1.3A2.4
3 -343.2 -1.037 - 0.402 ×Shbd+ 4.266×Rg1− 0.672× dGlu1.3A2.4

Table 7.2: Reaction coordinates predicted by LM analysis.

parameters to describe the reaction coordinate (RC) does not improve the reaction coordinate
significantly (δL < 3.159). The LM analysis allows for a prediction of the transition state en-
semble (TSE) as structures belonging to the TSE should have an r ≈ 0. Note that while the
predicted TSE could be tested by committor analysis, this is computationally expensive and we
did not perform such tests. We extracted structures belonging to the predicted TSE for RC1 and
RC2. In Fig. 7.10 the TSEs are plotted on the path densities for a certain combination of order
parameters. The path density plots show the number of paths passing though a certain point.
Comparing the top and bottom two graphs, it can be seen that the TSEs obtained for RC1 and
RC2 are similar in nature.

The predicted TSEs extracted for both RC1 and RC2 show structures similar to those pre-
sented in Fig. 7.8 TSa and TSb. All structures have lost the native contacts of the N-terminal
3 residues (L1, V2, E3). The hydrogen bond between the Glu sidechain of SH2P1 and the Ala
backbone of SH1P1 is broken. The transition state ensemble extracted for RC2 seems to indicate
two different transition state regions. The main difference between the two subensembles is in
the orientation of the Glu sidechain of SH1P1. This sidechain can remain oriented towards the
lower sheet while the backbone hydrogens between A4 and L5 of SH1P1 and SH1P2 are broken.
Otherwise, it can be solvated in which case the backbone hydrogen bonds are still intact. As
only one order parameter is used to describe RC1, no clear separation between the two ensem-
bles can be observed in the TSE extracted for RC1. Thus, intuatively RC2 would seem the best
reaction coordinate even though the statistical significancy threshold was not reached in the LM
analysis.
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Figure 7.10: Path densities and transition state ensemble. The top two path density plots show the tran-
sition state ensemble identified using reaction coordinate 1, whereas the bottom two path
density plots show the transition state ensemble identified for reaction coordinate 2.

7.4 Conclusions

Based on the TPS simulations presented in this chapter, we propose the following mechanism
for the incorporation of a peptide monomer to a fibril of LV EALY L (see Figures 7.4 and 7.8).
In the first step the peptide docks by forming contacts between the C-terminal Leu and Tyr and
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the corresponding residues in the fibril. After docking, the peptide has to change conformation
to commensurate the fibril template. To do so, two routes can be followed (Fig. 7.8). The locking
peptide can first form most of its backbone hydrogen bonds. In this case, the last step is orienting
the Glu sidechain of the locking peptide towards the interface between the sheets after which the
final backbone hydrogen bond can be formed. Otherwise, the orientation of the Glu sidechain
can change before the formation of the backbone hydrogen bonds.

Our initial TPS simulation trying to connect the locked and solvated state shows that the
docked state is an intermediate state even though it was not identified as such by our steered
MD simulations. The occurance of metastable misaligned states in this TPS simulation indicates
that docking is important in order to properly align the peptide with the fibril template.

We have shown that TPS can be used to gain new insight into amyloid fibril formation of
the LVEALYL heptapeptide. Upto now, insights into the dock-lock mechanism came from much
more computationally expensive straightforward MD simulations [61,192]. The observation that
docking is important for proper alignment of the peptide with the fibril probably also holds for
most other short, amyloid-forming peptides. The process of locking is more sequence specific
and it would be interesting to compare various of these systems in order to gain a more general
insight into interactions important in locking.

Future work on this system could focus on the rate constants for the dock-lock transition
and the relative abundance of the paths. Also, the evaluation of non-linear reaction coordinates
could be of interest.
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OP name Description
dL1L Cα distance SH1P1L1-SH1P2L1
dV2V Cα distance SH1P1V2-SH1P2V2
dE3E Cα distance SH1P1E3-SH1P2E3
dA4A Cα distance SH1P1A4-SH1P2A4
dL5L Cα distance SH1P1L5-SH1P2L5
dY6Y Cα distance SH1P1Y6-SH1P2Y6
dL7L Cα distance SH1P1L7-SH1P2L7
dCZYY CZ distance SH1P1Y6-SH1P2Y6
dVoEn Hydrogen bond distance SH1P1V2(O)-SH1P2E3(N)
dAnEo Hydrogen bond distance SH1P1A4(N)-SH1P2E3(O)
dAoLn Hydrogen bond distance SH1P1A4(O)-SH1P2L5(N)
dYnLo Hydrogen bond distance SH1P1Y6(N)-SH1P2L5(O)
dYoLn Hydrogen bond distance SH1P1Y6(O)-SH1P2L7(N)
Snhb Sum of the above described 5 hydrogen bond distances
nhbond number of hydrogen bonds between SH1P1 and SH1P2
dmin minimum distance between SH1P1 and SH2P1
Rg1 Radius of gyration op SH1P1 (full peptide)
sas Solvent accessible surface area fibril
dGlu2.3A1.4 Hydrogen bond distance SH1P1A4(O)-SH2P1E(sidechain)
dGlu1.3A2.4 Hydrogen bond distance SH1P1E(sidechain)-SH2P1A(O)
rmsd1 Root mean square deviation SH1P1 (backbone)
dihNE3NA4 Backbone dihedral NE3-Cα-C-NA4

dihNA4NL5 Backbone dihedral NA4-Cα-C-NL5

dihNL5NY6 Backbone dihedral NL5-Cα-C-NY 6

dCZL1L5 Hydrophobic contact distance (Cγ) SH1P1L1-SH2P1L5
dCZL1L7 Hydrophobic contact distance (Cγ) SH1P1L1-SH2P1L7
dCZL1L1 Hydrophobic contact distance (Cγ) SH1P1L1-SH1P2L1
dCZL5L1 Hydrophobic contact distance (Cγ) SH1P1L5-SH2P1L1
dCZL5L5 Hydrophobic contact distance (Cγ) SH1P1L5-SH1P2L5
dCZL7L1 Hydrophobic contact distance (Cγ) SH1P1L7-SH2P1L1
dCZL7L7 Hydrophobic contact distance (Cγ) SH1P1L7-SH1P2L7

Table 7.3: Overview of the order parameters monitored during the TPS simulations.
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