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ABSTRACT: To examine the effect of crowding on protein
aggregation, discontinuous molecular dynamics (DMD)
simulations combined with an intermediate resolution protein
model, PRIME20, were applied to a peptide/crowder system.
The systems contained 192 Af(16—22) peptides and crowders
of diameters S, 20, and 40 A, represented here by simple hard
spheres, at crowder volume fractions of 0.00, 0.10, and 0.20.
Results show that both crowder volume fraction and crowder
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diameter have a large impact on fibril and oligomer formation. The addition of crowders to a system of peptides increases the rate
of oligomer formation, shifting from a slow ordered formation of oligomers in the absence of crowders, similar to nucleated
polymerization, to a fast collapse of peptides and subsequent rearrangement characteristic of nucleated conformational
conversion with a high maximum in the number of peptides in oligomers as the total crowder surface area increases. The rate of
conversion from oligomers to fibrils also increases with increasing total crowder surface area, giving rise to an increased rate of
fibril growth. In all cases, larger volume fractions and smaller crowders provide the greatest aggregation enhancement effects. We
also show that the size of the crowders influences the formation of specific oligomer sizes. In our simulations, the 40 A crowders
enhance the number of dimers relative to the numbers of trimers, hexamers, pentamers, and hexamers, while the S A crowders
enhance the number of hexamers relative to the numbers of dimers, trimers, tetramers, and pentamers. These results are in
qualitative agreement with previous experimental and theoretical work.

B INTRODUCTION

Amyloid fibrils are found in over 40 human disorders including
Alzheimer’s, Parkinson’s, and the prion diseases." Each disorder
is associated with the aggregation of a distinct protein. In
Alzheimer’s disease (AD), it is the amyloid 3 (Aff) peptide that
aggregates to form oligomers (structures consisting of multiple
monomeric Af subunits) and eventually fibrils and plaques.
Although the fibrils and plaques that are found in the brains of
AD patients were once thought to be the cause of AD, more
recently attention has shifted to the oligomers as the toxic
agent, one reason being that small concentrations of prefibrillar
oligomers can cause neuronal cell death in the absence of
fibrils.” This new view of AD etiology has catalyzed
investigations of the peptide assembly pathway leading from
monomers to oligomers to fibrils, the hope being that this
could reveal which parts of the aggregation pathway might
serve as potential targets for drugs aimed at treating AD. Most
of these studies are done in vitro, since this is the most
straightforward way to probe the biophysics underlying the
assembly process. In vitro investigations do not, however,
capture the influence of biomolecules on Af assembly that
would occur in vivo.>* In fact, the rate and extent of oligomer/
fibril formation in a crowded environment like the human brain
can differ by orders of magnitude from that in vitro.> The
intracellular and extracellular environments in the human brain
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are quite crowded with approximately 7% to >40% of the total
volume occupied by a variety of macromolecules and
structures.™® In  this paper, we use computer simulations to
learn how crowding affects fibril and oligomer formation as well
as aggregation mechanisms.

The influence of crowding agents on the aggregation of
proteins has been the subject of a number of experimentally
based investigations. Hatters et al. examined the effects of
adding dextran 10 at dextran volume fractions of up to ¢ = 0.11
on the fibrillization of apolipoprotein C-II (apoC-II).” Despite
the fact that a significant portion of the solution was occupied
by dextran 10, the protein’s fibril structure was unchanged
compared to that in the absence of crowding. Another
important finding was that dextran 10 did not interact directly
with apoC-I, indicating that it was simply the volume excluded
by dextran 10 that accelerated apoC-II fibrillization, not a
crowder—peptide interaction. Uversky et al. did a comprehen-
sive investigation of how different crowding agents influence
the fibrillization of a-synuclein.'® Polyethylene glycol (PEG),
dextran, ficoll, lysozyme, and bovine serum albumin (BSA) all
decreased fibrillization lag time and increased the rate of

Received: September 4, 2014
Revised:  October 24, 2014

Published: October 27, 2014

dx.doi.org/10.1021/jp508970q | J. Phys. Chem. B 2014, 118, 13513-13526


pubs.acs.org/JPCB
http://pubs.acs.org/page/policy/authorchoice/index.html
http://pubs.acs.org/page/policy/authorchoice_termsofuse.html

The Journal of Physical Chemistry B

fibrillization, but the effects were more pronounced with some
crowders than with others. At constant concentration, crowders
with longer chain lengths promoted aggregation faster than
those with shorter chain lengths. Munishkina et al. explored the
effect of macromolecular crowding on the aggregation pathways
of four different proteins: a disordered form of S-carbox-
ymethyl-a-lactalbumin, the natively disordered a-synuclein,
bovine core histone, and the folded monomeric and hexameric
forms of human insulin. They found that, if the protein
preferentially adopts a multimeric native state (the bovine
histone core and hexameric human insulin both occur naturally
in a multimeric state), the fibrillization of that protein is slowed
because the multimeric species is stabilized by the crowders.
They also found that the fibrillization of proteins that have a
low degree of native structure is accelerated by crowding. They
interpreted their results to mean that crowding may accelerate
fibrillization because it can promote the formation of a partially
folded form of the protein that is highly amyloidogenic. Fung et
al. examined the effect of adding the simple saccharides glucose,
galactose, fructose, mannose, and sucrose on the aggregation of
AP40 and AP42."" They found that the sugars that do not
directly interact with A promote fibril formation, while the
sugars that do interact with Af (in their case through hydrogen
bonding) promote nucleation and the formation of smaller
protofibrils. In a similar vein, Sukenik et al. examined the effects
of polyol osmolytes, glycerol and sorbitol, and PEG on the
aggregation of a synthetic peptide, MET16, that folds into a f-
hairpin and can aggregate into a fibrillar structure.'”"
Variations in the molecular weight of PEG, glycerol, and
sorbitol produced minimal variation in the fibrillization rate, but
the polyol osmolytes increased the lag time for fibril formation
and increased the fibrillar mass at equilibrium. The authors
suggested that the strong polyol osmolyte effect was due to its
distortion of the water hydrogen bond network which could
change the preferred conformation of the peptides, altering
their preferred aggregation state. Upon fitting circular
dichroism and ThT fluorescence aggregation data to a simple
kinetic model, they discovered that addition of PEG leads to
extensive fibril fragmentation, while addition of polyol
osmolytes stabilized fibrillar structures by decreasing monomer
dissociation.

The impact of crowding on protein aggregation has also been
investigated using theory. The Minton group has shown that
macromolecular crowding has different effects on protein
aggregation, de4pending on what the rate limiting aggregation
mechanism is.'*'> Aggregation that is slow and reaction-limited
is typically enhanced by the presence of crowders because the
crowders increase the effective protein concentration and create
depletion forces between the proteins, while fast, diffusion-
limited aggregation is hindered by crowders because diffusion
decreases with increasing crowder concentration.'® For
example, since the dock-lock mechanism that is believed to
govern Af fibrillization is essentially a reaction-limited process,
the presence of crowders should increase fibrillization.'” In a
series of papers by Kinjo and Takada, the effects of
macromolecular crowding and chaperones on protein aggrega-
tion and folding were examined using density functional theory
in conjunction with dynamic rate equations.w_20 Aggregation,
folded—unfolded protein reactions, and protein—chaperone
binding reactions were modeled by diffusion and the dynamic
rate equations. Proteins, crowders, and chaperones were
modeled using hard spheres with square well potentials. They
found that crowding enhanced the aggregation of the model

unfolded proteins but stabilized the model native state proteins
as long as they were uniformly distributed in space. They also
found that crowding accelerated the transition from unfolded to
folded model protein if the folding rate was fast, and
destabilized model proteins if the folding rate was slow,
which is in agreement with Zhou et al.' More recently, Minton
examined theoretical models that incorporated a time-depend-
ent macromolecular crowder concentration to mirror the
observation that the concentration of soluble proteins in the
human brain tends to increase linearly with time.”' The major
conclusion of this study was that rate constants for protein
aggregation are undetectably small in the absence of crowders,
and that the accumulation of crowders over time is what
increases the rate constants to a level that actually induces
aggregation. As the crowder concentration increased linearly
with time, the aggregation rate constant also increased, at a
minimum, exponentially.

Molecular-level simulations have also been used to examine
the effect of crowding on protein aggregation. O’Brien et al.
conducted atomistic simulations in implicit solvent to examine
how crowder volume fraction, size, and shape affected the
oligomerization of a 10-residue fragment of the transthyretin
(TTR) protein.””> The crowders were modeled as softly
repulsive spheres of diameter 7, 12, and 22 A and as
spherocylinders with diameter 7 A and length 23.1 A; the
simulations were performed on a system containing two to four
peptides at a concentration of 15—31 mM with crowder volume
fractions of ¢ = 0.05—0.20. They observed that adding
crowders of any size and concentration to the simulation
enhanced aggregation. One interesting result was that the
addition of spherical crowders to the simulations destabilized
TTR dimers in favor of trimeric and tetrameric oligomers. They
also found that, as the size of the crowding spheres increased,
the level of aggregation enhancement decreased. Finally,
sphereocylinder crowders destabilized the oligomers to a larger
extent than the spherical crowders, highlighting the importance
of the shape of crowding molecules. Magno et al. simulated a
system of 125 amphipathic 10-bead coarse-grained polypep-
tides designed specifically for studying the physics of fibril
formation; i.e., the model peptide did not represent a specific
sequence or have a defined length.”® The peptide had a tunable
energy parameter that could be shifted from an aggregation-
prone state (f-state, which favors a cross-f structure) to an
aggregation-protected state (7-state, which favors a monomeric
state). Their general conclusion was that crowding greatly
accelerates the aggregation of peptides that have a reaction-
limited aggregation mechanism but only modestly accelerates
the aggregation of peptides that have a diffusion-limited
aggregation mechanism. The former conclusion agrees with
that of Ellis and Minton, but the latter conclusion does not.'*
The Magno et al. polypeptide model is well suited for a
fundamental study of protein aggregation in the presence of
crowders, but it does not provide any information about the
effects of crowding on more complex proteins. Co et al. used
lattice Monte Carlo to simulate the effects of crowding and
confinement on the fibrillization of 6, 10, and 24 peptides using
a toy model with the sequence +HHPPHH-—, where + is
positive, — is negative, H is hydrophobic, and P is polar.24 The
sequence was designed to fold into a compact U-shape similar
to a f-hairpin. Crowders were modeled as squares or rectangles
on the lattice, and confinement was modeled using a box with
hard walls. They showed that crowding and confinement can
decrease fibrillization lag time up to intermediate values of
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crowder surface area and confinement box length, after which
the lag time begins to increase. Their results highlighted the
complex nature of crowding, with longer fibrillization lag times
at both high and low crowder concentrations, as predicted by
Zimmerman and Minton,® and recently observed by Cabaleiro-
Lago et al. using amine-modified polystyrene nanoparticles.”®
The physical picture that emerges concerning the effects of
crowders on protein aggregation is reminiscent of that
concerning the effects of crowders on protein folding. Zhou
et al. summarize the effects of crowding on protein folding in
terms of the existence of an energy barrier to folding that is a
function of the amount of space that a protein must occupy in
order to fold."® If the folding pathway contains an intermediate
that occupies more space than the initially unfolded protein,
then the rate of folding will be slowed because crowding
prevents the protein from expanding; this raises the energy
barrier to folding. If the folding pathway takes the protein
through an intermediate that is more compact than the
unfolded protein, then the rate of folding tends to be enhanced
by crowding because crowding forces the protein into a more
collapsed conformation, effectively lowering the folding energy
barrier. Additionally, intrachain diffusion in large proteins can
be decreased by the presence of crowders, slowing down the
overall rate of folding if multiple regions must fold
independently before the final tertiary structure is achieved.
These ideas can be generalized to the case of protein
oligomerization and fibrillization. While proteins in dilute
solution can form a wide variety of aggregate structures through
many kinetic pathways, crowded systems have energetic
penalties associated with forming aggregates that are not highly
compact so the number of kinetic pathways tends to be
smaller.”® In the case of amyloidogenic proteins, a given
number of monomers typically occupies more space than an
oligomer or fibril made up of the same number of proteins,
making monomers less energetically favorable. Additionally,
intrinsically disordered proteins which do not have a defined
quaternary structure in dilute solution might be driven to
interact with each other to form oligomers or fibrils in a
crowded environment because they would then occupy less
space. The same idea applies to a partially folded protein. A
partially folded protein may preferentially interact with other
partially folded proteins in the presence of crowders because an
aggregate of partially folded proteins is more thermodynami-
cally stable than a bunch of isolated partially folded proteins.
In this paper, we apply a combination of discontinuous
molecular dynamics (DMD) and the PRIME20 force field to
examine how the aggregation of a multipeptide system
containing Af(16—22) is impacted by macromolecular
crowding. Although Af is typically observed in its 40 or 42
residue form, our simulations focus on the Af(16—22) peptide,
which has been shown to be a key sequence in the formation of
Ap oli_gomers and fibrils, and has the ability to form fibrils on its
own>?° In our simulations, we monitor the aggregation,
oligomerization, and fibril formation of a system containing 192
peptides using hard sphere crowders at crowding volume
fractions of ¢ = 0.00, 0.10, and 0.20 and crowder diameters of
D =5, 20, and 40 A. Since oligomeric structures have become
important in the study of Af toxicity, we also look closely at
how crowding affects the stability of oligomers and their
conversion to other larger species. We explore how crowding
affects peptide association rates, and aggregation mechanisms.
We compare our results to theoretical predictions of the effects
of crowding on protein aggregation by O’Brien et al,

Munishkina et al, Zhou et al, and Zimmerman and
Minton®***** and provide molecular level detail about how
oligomer and fibril formation in a crowded medium differs from
that in a dilute solution.

Our simulation results show that when crowders are added to
a system of peptides they increase the rate of oligomer
formation and the maximum number of oligomers that form.
Oligomer formation shifts from being a slow process
characterized by the templated addition of monomers to
existing oligomers in the absence of crowders to a fast collapse
and subsequent rearrangement that leads to a high maximum in
the number of oligomers formed when crowders are present.
Addition of crowders also increases the rate of conversion from
oligomers to fibrils, giving rise to an increased rate of fibril
growth. In all cases, larger crowder volume fractions and
smaller crowder diameters provide the greatest enhancement of
oligomerization and fibrillization. This enhancement is largely a
consequence of the depletion forces between the peptides due
to the crowders. These forces drive peptide—peptide
association, making oligomers and fibrils more thermodynami-
cally favorable than an equivalent number of monomers.
Additionally, we have shown that, depending on the size of the
crowders relative to the peptides, specific oligomer sizes can be
stabilized. In our simulations with 40 A crowders, the dimers
were stabilized and persisted longer relative to the trimers,
tetramers, pentamers, and hexamers. We surmise that this is
because the 40 A crowders have interstitial spaces that are large
enough to easily accommodate dimers and therefore stabilize
them. In contrast, in our simulations with 5 A crowders, the
hexamers are preferentially formed compared to dimers,
trimers, tetramers, and pentamers. We believe that, with 5 A
crowders, the formation of these larger oligomeric species is
energetically favorable because oligomers allow peptides to take
on a conformation that occupies less space than an equivalent
number of isolated monomers. Since the oligomer occupies less
space, a smaller number of crowders need to be displaced to
make room for the structure, making it favorable.

B METHODS

Discontinuous Molecular Dynamics. The simulation
method used in this work is discontinuous molecular dynamics
(DMD), a fast alternative to traditional molecular dynamics.*’
In DMD, the potential is a discontinuous function of the
interatomic separation, e.g, hard sphere and square well
potentials, and since the atoms move linearly between
collisions, the only time that the velocities and positions need
to be recalculated is when a discontinuity in the potential is
encountered. Therefore, the simulation can be advanced from
collision event to collision event. The types of discontinuous
events in our simulations include hard sphere events, bond
events, and square-well and square-shoulder capture and
dissociation events.

PRIME20 Force Field. Coarse graining peptide geometry
by combining groups of atoms into “united atoms” and then
representing them as spheres is an additional way to alleviate
the time scale limitations of atomistic MD. One popular coarse-
grained model used for studying peptides is a four-sphere-per-
residue model in which each amino acid residue is represented
by three backbone spheres, one each for N—H, C—H, and
C=O0 and one side-chain sphere R** The four-sphere per
residue model provides a balance between accuracy and
simplicity that is ideal for DMD. In 2004, our group introduced
a new four-sphere-per-residue protein model called PRIME
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(protein intermediate resolution model), which was appropriate
for homoproteins like polyalanine and polyglutamine.*>* In
PRIME, all backbone bond lengths and bond angles are fixed at
their ideal values, the distance between consecutive Car atoms is
fixed so as to maintain the interpeptide bond in the trans
configuration, and the side chains are held in positions relative
to the backbone so that all residues are L-isomers.

More recently, PRIME was extended to heteroproteins
culminating in PRIME20 which describes the geometry and
energetics for all 20 amino acids.®® The interactions in
PRIME20 simulations include excluded volume, hydrogen
bonds, hydrophobic interactions, and charge interactions.
PRIME20 also includes polar interactions, but AS(16—22)
does not have any polar amino acids. The parameters used in
PRIME20 were derived utilizing a perceptron learning
algorithm and a modified stochastic learning algorithm that
compared the energy of native state proteins in the Protein
Database (PDB) with those of a large number of decoy
structures. The parameters used for the A#(16—22) peptide in
this work are taken from Cheon et al.>’

Crowder Model. The crowders used in these simulations
are modeled as hard spheres of diameter 5, 20, and 40 A. Thus,
the crowder—peptide and crowder—crowder interactions are
limited to excluded volume. The 20 A crowder diameter was
selected because it is close to the N- to C-terminal length of a
fully extended Af(16—22) peptide based on PRIME20
parameters. The 5 and 40 A crowder diameters were selected
to provide contrast for the effects of crowder size on
aggregation. The S A crowders are small compared to
AB(16—22) so they have the ability to sit close to the peptide
backbone and in between the side chains, while the 40 A
crowders are significantly larger than Af(16—22) and have
larger interstitial spaces for the peptides to occupy. In these
simulations, the crowder volume fractions examined are ¢ =
0.00, 0.10, and 0.20; the crowder volume fraction is defined as
¢ = NV,/L? where N is the number of crowders, V, is the
volume of a single crowder, and L is the simulation box length.
These crowder volume fractions correspond to system densities
of p =4, 177, and 350 mg/mL, respectively. The system density
of 350 mg/mL was chosen as a realistic reference for this work
because it is the midpoint between the estimated densities of
300 and 400 mg/mL in cytoplasm and is commonly used as the
density for crowding experiments. In order to calculate the
internal density of a single crowder molecule necessary to
achieve a total system density of 350 mg/mL, we selected a
system with a crowder volume fraction of ¢ = 0.20 and crowder
diameter of 40 A as our reference because this seemed closest
to physiologically relevant conditions. To make this system
have a density of 350 mg/mL, the internal density of a single 40
A crowder was set at 1.04 Da/A3. It follows then that the mass
of the 40 A crowder is 34.9 kDa, while the masses of the 20 and
5 A crowders are 4.4 kDa and 68 Da, respectively. These system
parameters were selected on the basis of the recommendations
of Ellis and Minton and Zimmerman and Trach for studying
macromolecular crowding without exceeding our current
computational limitations.”"*

Simulation Procedure. Our simulations proceed in the
following way: Each simulation contains 192 Af(16—22)
peptides initially placed at random locations in a cubic
simulation box with side lengths of L = 400 A, giving a
peptide concentration of 5 mM, and periodic boundary
conditions. The crowders are then placed at random locations
surrounding the peptides until the desired crowder volume

fraction is achieved. The reduced temperature is defined as T*
= kT/eyp, where eyp is the hydrogen bonding well depth.
Velocities for each peptide bead and crowder are chosen at
random from a Maxwell-Boltzmann distribution that is
centered at the desired temperature. Initially, the temperature
is set to T* = 0.50, a temperature high enough to denature the
peptides so as to give them a random coil secondary structure.
The system is then gradually cooled stepwise to T* = 0.193
using a cooling scheme that lasts a total of 14 billion collisions.
The reduced temperature T* = 0.193 was chosen because it is
the transition temperature above which fibrillization does not
occur for Af(16—22). The simulations were performed in the
canonical ensemble where the number of particles, temperature,
and volume are fixed. The temperature is held constant using
the Andersen thermostat method. Beads in the simulation
experience random “ghost collisions” with “ghost particles”
during which their velocity is reassigned to a random value
from a Maxwell-Boltzmann distribution centered at the
desired simulation temperature. Up to 15 independent
simulations were run for each set of conditions until the
number of peptides in oligomers had decayed to 1/e, or 36.7%,
of its maximum value. This amounts to ~4$ billion collisions
for the most crowded simulations because aggregation happens
more rapidly, and ~165 billion collisions in the absence of
crowders. In our simulations, a peptide is defined as being part
of an oligomer if it shares at least one hydrogen bond or one
hydrophobic contact with another peptide in the oligomer. A
peptide is defined as being part of a -sheet if it shares at least
four hydrogen bonds with another peptide in the S-sheet. A
shares at least four side chain interactions with another f-sheet
in the fibril.

Oligomerization Curve Fit and Parameters. Due to the
transient nature of oligomers and the small number of peptides
that are in an oligomer at any one time, oligomerization data
sets can have large variations. To make the trends easier to see,
we have fit our data for the number of peptides in oligomers vs
reduced time with an asymmetric double sigmoidal function.*®
Reduced time is defined as t* = t/6(k,T/m)"?, where ¢ and m
are the average bead diameter and average mass. The
asymmetric double sigmoidal function is typically used to fit
chromatography data because it can account for a sudden
increase followed by a gradual decrease in a data set. We chose
it because it nicely fits all our oligomerization data sets; to our
knowledge, there is no well-established equation for fitting
oligomerization data sets vs time. The asymmetric double
sigmoidal function is expressed in eq 1

Nyyg(£) = Ny + A(

1
1+ eXp((t* - tcenter + wl/z)/WZ))

1
tcenter - wl/z)/WS) )
(1)

where Nolig(t*) is the number of peptides in an oligomer at
time ¥, N, is the initial number of peptides in an oligomer, A is
the amplitude, f o, is the center of the peak, and w,, w,, and w;
are widths for the sigmoidal curves. Using this curve fit makes it
straightforward to calculate the oligomer growth rate, the
maximum number of peptides in oligomers, and the rate of
conversion from oligomers to fibrils. To calculate the oligomer
growth rate, we find the most linear portion of the curve

% (1 - 1+ exp((t* —
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between t* = 0 and the time at which the number of peptides in
oligomers reaches its maximum, f,, by calculating the R?
value. We then calculate the slope using the most linear portion
of the curve. The maximum number of peptides in oligomers is
taken as the maximum in the asymmetric double sigmoidal
function, and the oligomer to fibril conversion time is calculated
as the amount of time it takes for the number of oligomers to
decay from its maximum value to 1/e, or 36.7%, of its peak
value. The average R* value for our curve fitting of the number
of peptides in oligomers vs reduced time with the asymmetric
double sigmoidal function was 0.92. The average R* value for
our curve fitting of the number of peptides in dimers, trimers,
tetramers, pentamers, and hexamers vs reduced time with the
asymmetric double sigmoidal function was 0.83.

Small Oligomer Free Energy Analysis. To understand if
dimers, trimers, tetramers, pentamers, or hexamers are
energetically favorable in the presence of crowders, we analyze
the change in free energy associated with forming small
oligomers from monomers using a method introduced by
Obrien et al.** Using the Asakura and Oosawa theory for two
bodies immersed in a solution of macromolecules along with
scaled particle theory, O’Brien et al. found that AG;(n), the
change in the Gibbs free energy associated with transitioning
from peptide structure j with n peptides to a different type of
peptide structure i, also with n peptides, is given by eq 2.

&T6 ., .
(V) = VL)

AG;"( ) =
o @)

In eq 2, Vi(n) and V. (n) are the volumes excluded to the
crowders by the peptide structures i and j, ¢ is the crowder
volume fraction, and V is the volume of a single crowder.>” If
AG,j(n) is negative, then species i is more energetically
favorable than species j and it is more likely that species i
occupies a small enough volume to fit within the interstitial
spaces of the crowders. If Ath(n) is positive, then species j is
more energetically favorable than species i and it is more likely
that species j occupies a small enough volume to fit within the
interstitial spaces of the crowders.

O’Brien et al. also developed expressions for the volume
excluded to the crowders by monomers, Vii(n), disordered
aggregates, Vo (n), and beta sheets, V(n), of size n. These are
given in egs 3, 4, and 5, respectively.

47n
Vor(n) = T[(Rg +R)’ - R.’]

®3)
p .\ _ 47 3 3
Ve(n) = 3 [(nRy + R)” — (nR,)’] @
VE(n) = (I + 2R)(w + 2R)(h + 2R) — lwh
- (SRC3 - i;sz)
3 (5)

The volume excluded to crowders by monomers in eq 3 is
calculated by using the crowder radius R, and approximating
the peptide as a sphere with the peptide’s radius of gyration R,.
In eq 4, the disordered aggregate is approximated as a spherical
globule made of n peptides resulting in a larger sphere of radius
nR,. In eq S, the f-sheet is approximated as a series of n
connected rectangular parallelpipeds, each with length I, width
w, and height h. For our calculations, we take these to be the
average dimensions of a single Af(16—22) peptide in a f-sheet
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measured in our simulations to have length ~20 A, width ~7.1
A, and height ~4 A.

Fibrillization Curve Fit and Parameters. In order to
characterize the formation of fibrils, the number of peptides in
fibrils at time #, N3 (t*), vs reduced time was fit to eqs 6—11.
These equations were derived by Cohen et al. using fixed point
analysis to model fibrillization (in the absence of crowders) in
terms of the microscopic processes of primary fibril nucleation,
fibril elongation, and secondary nucleation.** By fitting our data
on the number of peptides in fibrils as a function of time given
an initial peptide concentration, ¢, to these six equations, we
are able to extract the rate constants k, the primary fibril
nucleation rate which describes the formation of a fibril from
solution, k, the fibril elongation rate which describes the
addition of monomers to existing fibrils, and k, the secondary
fibril nucleation rate which describes the formation of
secondary fibrillar structures, in our case the addition of f-
sheets, to the fibril.

* Z/Khm
Nﬁbril(t*) 1 B + A, B+ A+eKt 8 e
Nabal\F7) o
192 B, + A+eKt B+ A,
(6)
k= (2k+k2503)1/2 )
kﬂ
A =+
- 2kco ®
/
=L+ 1/2+L L
LE 12 4k, Tl 4k, 4k,
)
7\1/2
k 2
g, = [zk+c0[2_co + ke ]
’ - (10)
1/2
koc,? k2
hyy = (2k+co[ﬂ +keo + _]]
b (11)

In these equations, k is an effective rate constant describing
the secondary aggregation pathway comprised of secondary
nucleation and fibril elongation, A,, B, g, and h, are
constants that are determined by the rate constants k,, k,, and
k, as well as the initial peptide concentration ¢y of S mM. These
equations are rearranged versions of the equations that appear
in the paper by Cohen et al. so as to contain only the rate
constants of interest and the initial monomer concentration.
The average R, value for our curve fit of the number of peptides
in fibrils vs reduced time to eqs 6—11 was 0.98. We have also
calculated the lag time, f;,,, shown in eq 12, the critical primary
fibril nucleation rate constant, k,, shown in eq 13, and the
maximum fibril growth rate, r,,,,, shown in eq 14.

_ log(2kyco/k,) — e+ 1

lag
v 2k+k2c03 (12)
2k, koc,?
o = 192, —H20
e (13)
. kk,co
nc 282 (14)
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The lag time is the amount of time before fibrillization
begins, the maximal growth rate is the fastest fibril growth rate
that occurs during the simulation, and the critical primary fibril
nucleation rate constant is the value for the primary fibril
nucleation rate constant above which there is no lag phase.
Additionally, we look at the nucleation time, which we define to
be the first time point that has 20 consecutive nonzero values
for the number of peptides in fibrils following it. Twenty
consecutive time points equates to ~56 reduced time units.
Here we use the term nucleation time in the place of lag time
because our simulations operate above the supercritical peptide
concentration and there is no lag time as calculated by eq 12.

B RESULTS

Aggregation in the Presence of Crowders. Figure 1
shows snapshots from a simulation of 192 Af(16—22) peptides
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Figure 1. Snapshots of simulation progress for simulations. Top row:
no crowders at t* = (A) 0, (B) 400, (C) 1100, and (D) 2000. Bottom
row: 5 A crowders at crowder volume fraction ¢ = 0.20 at t* = (E) 0,
(F) 90, (G) 220, and (H) 270.

in the absence of crowders (A—E) and in the presence of
crowders (F—J) with crowder volume fraction ¢ = 0.20 and
crowder diameter 5 A (crowders have been removed for
clarity). The peptide concentration is S mM, and the reduced
temperature is 7* = 0.193. In the simulation with no crowders,
the peptides have been colored so that all of the peptides in a
given f-sheet at the conclusion of the simulation have the same
color and in the simulation with crowders the peptides have
been colored so that all of the peptides in a given fibril at the
conclusion of the simulation have the same color. At t* = 0
(Figure 1A and E), the initial peptide configuration for both
simulations is random coils. In the simulation with no crowders,
some peptides begin to interact transiently but do not form a
stable fibril nucleus until #* = 400 (Figure 1B). The fibril
nucleus is composed of two stable S-sheets colored green and
light blue. At £* = 400, the fibril has begun to elongate through
monomer addition at the ends of the fibril; each f-sheet has
lengthened, increasing the overall size of the fibril. At #* = 1100
(Figure 1C), three additional f-sheets have attached themselves
to the fibril, resulting in a much larger five-sheet fibril. Finally,
at t* = 2000 (Figure 1D), all of the peptides in the simulation
have integrated themselves into a single large fibril composed of
six f-sheets. The simulation with crowders begins to form small
oligomers very early in the simulation at t* = 90 (Figure 1F).
Soon after, the previously formed oligomers begin to rearrange
themselves from disordered conformations into fB-sheets and
small fibrils while new oligomers are formed from the
remaining free monomers. At t* = 220 (Figure 1G), almost

all of the free monomers have been integrated into an oligomer
or fibril and they continue to reorganize from disordered
conformations to f-sheets. Finally, at t* = 270 (Figure 1H), all
of the disordered structures have reorganized into [-sheets,
resulting in six small fibrils.

By comparing the time scales for these two representative
simulations, we can see that fibrillization is complete at t* =
2000 for the simulation with no crowders and at t* = 270 for
the simulation with crowders. It is evident that the presence of
crowders not only dramatically decreases the time scale of
aggregation but, as can be seen from the snapshots, the
aggregation mechanisms are different. In the simulation without
crowders, a single long fibril forms through nucleated
polymerization. In contrast, the simulation with crowders
results in six small fibrils that form from smaller disordered
oligomers characteristic of nucleated conformational conver-
sion. These oligomers are initially disordered because the
peptides are rapidly forced together by depletion forces. Since
the peptides are forced together so quickly, they do not have
the ability to orient themselves into a more favorable structure
like a f-sheet. It is interesting to note that, in the absence of
fibrils, one large fibril is formed at t* = 2000 but with crowding
agents, six small fibrils form after only a fraction of the
simulation time. It is unlikely that these six small fibrils would
combine into a single large fibril if the simulation was run until
t* = 2000. These small fibrils are very stable and energetically
favorable, and while a few of them may combine to make a
slightly larger fibril, we expect that much more computational
time would be needed to observe a single large fibril forming
from the smaller six. We speculate that this increase in the
number of individual fibrils may be a general consequence of
very crowded conditions. Support for this idea comes from
simulations by Magno et al, who found that the number of
supercritical oligomers (prefibrillar structures) increases with
crowder concentration.”

As has been pointed out by other investigators, the dramatic
effect of crowding on peptide oligomerization and fibrillization
can be understood in part by appealing to the concept of
depletion forces.”**" The depletion forces acting in our
simulations can be approximated by adapting the expression
introduced by Asakura and Oosawa to this case. The depletion
potential, U(r), between two peptides whose centers of mass
are separated by distance r in the presence of crowders is**

¢
U() =~ SkT(R + R’ = 3R+ R'r = ]
(15)

C
where ¢ is the crowder volume fraction, R, is the crowder
radius, and R, is the radius of gyration of the peptide. This
equation is only valid for R. < r < R, + R, and although it is
typically applied when R, < R,, it provides a reasonable
qualitative comparison of depletion forces for different crowder
sizes. Since all of our simulations are run at the same
temperature, simulation box volume, and peptide radius of
gyration, the depletion potential will only change when the
crowder volume fraction or the crowder radius changes. As the
crowder volume fraction increases, the depletion potential
increases. As the crowder radius increases (at constant crowder
volume fraction), the strength of the depletion potential
decreases, although the range increases. The increased strength
of the depletion potential for smaller crowders is what drives
oligomerization, and by extension fibrillization, to occur at an

dx.doi.org/10.1021/jp508970q | J. Phys. Chem. B 2014, 118, 13513—13526



The Journal of Physical Chemistry B

~
(3]

75 75

a
o
L

N
3]
1

# of Peptides in Oligomers

1 0
1000 0

400
Reduced time t*

< 0
800 1000 0 400 600

Reduced time t* Reduced time t*

Figure 2. Number of peptides in oligomers vs reduced time for (A) S A crowders, (B) 20 A crowders, and (C) 40 A crowders at ¢ = 0.00 (green),
0.10 (orange), and 0.20 (purple) along with curve fits to an asymmetric double sigmoidal function.

Table 1. Oligomer Growth Rate, Maximum Number of Peptides in Oligomers, and Oligomer to Fibril Conversion Time for
Crowder Volume Fractions ¢ = 0.00, 0.10, and 0.20 and Crowder Diameters 5, 20, and 40 A and Total Crowder Surface Area

crowder size, crowder volume fraction, and total crowder surface area

D=40A D=40A D=204A D=204A D=SA D=SA
no crowders ¢ = 0.10 ¢ =020 ¢ = 0.10 ¢ =020 ¢ = 0.10 ¢ =020
kinetic parameters ¢ =0.00 96 x 107* A% 192 X 107* A? 192 X 1074 A> 384 x 107* A2 786 x 107" A> 1536 x 107* A?
growth rate 0.61 + 0.30 0.74 + 0.42 1.06 + 0.68 1.00 + 0.54 143 + 037 148 + 0.47 321 + 1.06
(peptides time™")
maximum number of 23.61 + 430 25.74 + 3.44 3323 + 438 31.84 + 3.37 40.63 + 4.49 37.20 + 5.97 66.55 + 5.00
peptides (peptides)
conversion time (time)  600.67 + 187.58  346.58 + 67.78  249.89 + 11.81  250.08 + 42.67 14544 + 3146  137.84 + 40.74 9592 + 12.80

accelerated rate compared to simulations in the absence of
crowders.

Effects of Crowding on Oligomerization. Oligomeriza-
tion is the first step in the aggregation process for AB(16—22).
Figure 2 shows the number of peptides in oligomers vs reduced
time for crowder volume fractions ¢ = 0.00 (no crowders),
0.10, and 0.20 at crowder diameters (A) 5 A, (B) 20 A, and (C)
40 A. The number of peptides in oligomers increases sharply as
peptides begin to interact and then gradually decreases as the
oligomers are converted to fibrils over time.

We begin our analysis of the oligomerization data by
examining the rate of oligomer growth. Table 1 summarizes the
results for the oligomer growth rate, maximum number of
peptides in oligomers, and oligomer to fibril conversion time at
crowder volume fractions ¢ = 0.00, 0.10, and 0.20 and crowder
diameters S, 20, and 40 A. A useful measure of crowding
conditions, in addition to crowder volume fraction and
diameter, is the total crowder surface area, listed below the
corresponding crowder volume fraction and crowder diameter
in the table. Total crowder surface area is simply the surface
area of a single crowder multiplied by the number of crowders
in the simulation. The first row of Table 1 shows the oligomer
growth rate. At a constant volume fraction, decreasing the
diameter of the crowders increases the oligomer growth rate. If
the crowder diameter is held constant, increasing the crowder
volume fraction increases the oligomer growth rate. The table
shows that, as the total crowder surface area increases, the
growth rate increases monotonically. The highest growth rate is
3.21 peptides added per unit time for 5 A crowders at a crowder
volume fraction of ¢ = 0.20 having a total crowder surface area
of 0.1536 A% This growth rate is more than S times greater
than that in the absence of crowders. The increase in oligomer
growth rate with crowder volume fraction can be attributed to
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an increase in the effective concentration of the peptides. When
crowders are added to the simulation, they exclude volume to
the peptides, making a large portion of the system inaccessible.
The increase in oligomer growth rate when decreasing the
crowder diameter can be attributed to the increase in depletion
forces. As the size of the crowders decreases at a fixed volume
fraction, the magnitude of the depletion forces increases,
further enhancing peptide—peptide interactions. Thus, as either
the crowder volume fraction increases or the crowder diameter
decreases, the peptides have a higher propensity to associate,
leading to a higher oligomer growth rate.

At some point during oligomerization, a fibril nucleates and
the number of peptides in oligomers begins to decline as they
are integrated into fibrils. This transition occurs when the
number of peptides in oligomers reaches its maximum value.
The second row of Table 1 shows the maximum number of
peptides in oligomers. At a constant volume fraction, decreasing
the diameter of the crowders increases the maximum number of
peptides in oligomers. If the crowder diameter is held constant,
increasing the crowder volume fraction increases the maximum
number of peptides in oligomers. Just like the oligomer growth
rate, there is a monotonically increasing relationship between
the maximum number of peptides in oligomers and the total
crowder surface area. At the highest total crowder surface area,
which corresponds to S A crowders and crowder volume
fraction ¢ = 0.20, the maximum number of peptides in
oligomers is 66.55, which is almost triple the amount in the
absence of crowders. Similar to the oligomer growth rate,
increasing the crowder volume fraction and decreasing the
crowder size increases the maximum number of peptides in
oligomers. Once the peptides form an oligomer, they are in a
more energetically favorable state because they occupy less
space than the equivalent number of free monomers. For this
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reason, the peptides do not dissociate, leading to a higher
maximum number of peptides in oligomers.

After the number of peptides in oligomers peaks, the
oligomers begin to convert to fibrils. We characterize this
process by calculating the oligomer to fibril conversion time.
The third row of Table 1 shows the oligomer to fibril
conversion time. At a constant crowder volume fraction,
decreasing the diameter of the crowders decreases the oligomer
to fibril conversion time. If the crowder diameter is held
constant, increasing the crowder volume fraction decreases the
oligomer to fibril conversion time. As the total crowder surface
area increases, the oligomer to fibril conversion time decreases
exponentially to its lowest value: 95.92 time units for S A
crowders at a crowder volume fraction of ¢ = 0.20. Since fibrils
occupy even less space than an equivalent number of peptides
in an oligomer, they are more energetically favorable, providing
a more thermodynamically stable structure than an oligomer.
Larger depletion forces and a higher effective concentration
make the oligomer to fibril conversion time shorter.

Summarizing thus far, the presence of crowders tends to
increase oligomer formation. Increasing crowder volume
fraction and decreasing crowder diameter increases the growth
rate of oligomers and the maximum number of peptides in
oligomers but decreases the oligomer to fibril conversion time.
Although crowders promote rapid oligomerization early in the
simulation, they also drive oligomers to form fibrils at a faster
rate.

Effects of Crowding on Small Oligomer Formation.
Since small oligomers have been identified as toxic agents in
Alzheimer’s disease, the dependence of the number of peptides
in dimers, trimers, tetramers, pentamers, and hexamers on
crowder diameter and crowder volume fraction is of interest.
Here we focus on S and 40 A crowders to see how the smallest
and largest crowders impact small oligomer formation.

The oligomerization mechanisms observed in our simu-
lations can be described most simply in terms of a step-growth
mechanism. In a step-growth mechanism, monomers come
together one by one to first form dimers, then trimers, then
tetramers, etc., which means that the maximum number of
peptides in dimers is greater than the maximum number of
peptides in trimers and so on. In other words, the smaller
oligomers need to be formed before additional peptides can be
added.

To begin our analysis, we plot the curve fits to the number of
peptides in dimers, trimers, tetramers, pentamers, and hexamers
from our simulations vs reduced time using the asymmetric
double sigmoidal function described in the Methods section.
Figure 3 shows the number of peptides in dimers through
hexamers vs reduced time for simulations with no crowders.
The same data is shown in Figure 4 for ¢ = 0.10 and in Figure
5 for ¢p = 0.20, with crowders of diameter 40 A (A), 20 A (B),
and S A (C). Table 2 shows a summary of the fraction of
oligomeric peptides that are dimers and hexamers at crowder
volume fractions ¢ = 0.00, 0.10, and 0.20 and crowder
diameters 5, 20, and 40 A. In the first row of Table 2, 40 A
crowders have a larger fraction of oligomeric peptides in dimers
than for 20 and 5 A crowders. However, simulations with no
crowders have an even higher fraction of oligomeric peptides in
dimers than simulations with 40 A crowders. This indicates that
the addition of crowders to a no-crowder simulation decreases
the dimer content regardless of the properties of the crowders.
It should be noted that, for a given crowder volume fraction,
larger crowders will have the smallest deviation from the no-
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Figure 3. Number of peptides in small oligomers of different sizes vs
reduced time for no crowders.

crowder results due to their smaller surface to volume ratio.
When comparing results from our simulations at the same
crowder volume fractions but different crowder diameters, the
40 A crowders have the highest propensity to favor dimer
formation. In the second row of Table 2, the 5 A crowders have
a higher fraction of oligomeric peptides that are hexamers than
the 20 and 40 A crowder simulations.

Here we compare our conclusions from Table 2 to the free
energy analysis introduced by O’Brien et al. presented in the
Methods section.”> The data presented in Table 2 shows that
the fraction of oligomeric peptides in dimers at a fixed volume
fraction is highest for simulations with 40 A crowders, and the
fraction of oligomeric peptides in hexamers is highest for
simulations with 5 A crowders. In order to interpret the change
in free energy associated with transitioning from a monomer to
an oligomer in the presence of 40 A crowders, we will use eq 3
for monomers with eq 4 for disordered aggregates rather than
eq S for beta sheets because the peptides are typically in a more
compact state rather than an extended confirmation when
confined in the space between 40 A crowders. Figure 6 shows a
plot of the difference in free energy between a disordered
aggregate of size n and n free monomers AGpy; vs the number
of peptides n for crowder diameter 40 A predicted by eqs 2—4
at crowder volume fractions ¢ = 0.00, 0.05, 0.10, 0.15, and 0.20.
We have included additional values for the crowder volume
fraction beyond what we simulated to provide clarity. The
negative values of AGpy; for n = 2, 3, and 4 peptides and
positive values for n = S and 6 peptides for the 40 A crowders
case suggests that the formation of disordered dimers, trimers,
and sometimes tetramers is energetically favorable compared to
the formation of larger pentamers and hexamers when
compared to an equivalent number of free monomers.

Our result that 40 A crowders favor the formation of dimers,
trimers, and tetramers and that the S A crowders favor the
formation of pentamers and hexamers can be understood on
the basis of the following arguments. We believe that the size of
the interstitial spaces created by the 40 A crowders, (as
compared to the smaller size interstitial spaces created by the 5
A crowders) is commensurate with the sizes of dimers, trimers,
and tetramers and hence favors their formation. We have come
to this conclusion based on the fact that negative values of
AGy(n) in eq 2 mean that the oligomer structure is
energetically favorable when surrounded by crowders and
occupies a volume small enough that crowders do not need to
be displaced when the oligomer is present. In addition, since
the depletion forces are weakest for the 40 A crowders and the

dx.doi.org/10.1021/jp508970q | J. Phys. Chem. B 2014, 118, 13513—13526



The Journal of Physical Chemistry B

A B C

25 25

N
]
L

g ———Dimers
£ = Trimers
.g’ 20 20 20+ Hexamers
o Pentamers
£ 15 15 154 Hexamers
3
3
5 10+ 10 10
o
o
6 51 5 5
* l % Q

0+ v | 0 v 0+ v

0 200 400 0 200 400 0 200 400

Reduced time t* Reduced time t* Reduced time t*

Figure 4. Number of peptides in small oligomers of different sizes vs reduced time at ¢ = 0.10 for (A) 40 A crowders, (B) 20 A crowders, and (C) §

A crowders.

A B

C

» 25 25
]
£
S 204 204
o
£ 15 15+
0
]
T
g 10+ 10+
@
o
G 51 5
#*

0- 0-

0 200 400

Reduced time t*

Reduced time t*

251 —— Dimers
——— Trimers
20+ Hexamers
Pentamers
15 Hexamers
104
5
0- 7
200 400 0 200 400

Reduced time t*

Figure 5. Number of peptides in small oligomers of different sizes vs reduced time at ¢ = 0.20 for (A) 40 A crowders, (B) 20 A crowders, and (C) §

A crowders.

Table 2. Maximum Fraction of Oligomeric Peptides in Dimers and in Hexamers for Crowder Volume Fractions ¢ = 0.00, 0.10,
and 0.20 and Crowder Diameters S, 20, and 40 A and Total Crowder Surface Area

crowder size, crowder volume fraction, and total crowder surface area

D=40A D=40A D=204A D=204A D=S5A D=5SA
no crowders ¢ =0.10 ¢ =020 ¢ =0.10 ¢ =020 ¢ = 0.10 ¢ =020
small oligomer fractions ¢ = 0.00 96 X 107 A> 192 x 107 A> 192 x 107" A> 384 x 107" A> 786 x 107" A> 1536 x 107* A
dimer:total oligomer fraction 0.54 0.52 0.47 0.44 0.39 0.44 0.33
hexamer:total oligomer fraction 0.06 0.10 0.08 0.09 0.13 0.08 0.15

interstitial spaces are of limited size, there is little in the way of
driving force to create larger oligomers. This is consistent with
the following ideas which were mentioned earlier. If the
oligomer occupies approximately the same volume or less than
the interstitial spaces between the crowders, it is energetically
favorable because the crowders do not need to move to
accommodate the oligomer. If the volume of the oligomer is
greater than the interstitial space, it becomes energetically
unfavorable because the oligomer no longer fits neatly into the
space and the crowders must be moved in order to
accommodate the oligomer. In the case of the smaller 5 A
crowders, the interstitial spaces created are so small that no
particular size oligomer is favored. However, the depletion
forces are quite sizable, so that once any oligomer forms it
tends to grow larger due to the large depletion forces. The
latter effect can be seen in the following analysis of our
simulations with S A crowders.

To continue our free energy analysis, we now examine the
case of S A crowders. In order to interpret the change in free
energy associated with the transition from a monomer to an

oligomer in the presence of 5 A crowders, we will use eq 3 for
monomers with eq S for f-sheet aggregates rather than eq 4 for
disordered aggregates. This is because the peptides typically
adopt a more extended conformation when surrounded by 5 A
crowders than by the larger crowders, since the small crowders
can sit closer to the peptide backbone. Applying egs 2, 3, and S,
we arrive at Figure 7 which shows the difference in free energy
between a fi-sheet of size n and n free monomers AGpgy vs the
number of peptides n at crowder volume fraction ¢ = 0.20. For
each crowder diameter, increasing the number of peptides n
makes AGg, more negative, favoring the formation of a f-
sheets over free monomers. Although the formation of larger
aggregates is favorable for all sizes of crowders, the favorability
of f-sheet formation increases more rapidly as the crowder
volume fraction increases for the S A crowders than for 20 and
40 A crowders because the change in free energy AGpy is
significantly more negative (data not shown). Since small
crowders create a larger depletion force between peptides, the
attractive force promotes the formation of aggregates in favor of
free monomers.
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Effects of Crowding on Fibrillization. We now turn our
attention to the formation of fibrillar structures which occurs
after the oligomers have formed. Some of the mechanisms

suggested to govern fibril formation are nucleated polymer-
ization in which fibril growth does not occur until a nucleus is
formed and growth occurs via monomer addition to the fibril or
nucleated conformational conversion in which monomers
rapidly aggregate into oligomers, and then convert to fibrils
over time."*** Figure 8 shows the number of peptides in fibrils
vs reduced time for crowder volume fractions ¢ = 0.00 (no
crowders), 0.10, and 0.20 at crowder diameters (A) S A, (B) 20
A, and (C) 40 A. The fibrils formed in the simulations at ¢ =
0.00, i.e., no crowders, have a relatively linear growth rate over
the 1200 reduced time units in Figure 8. However, once
crowders are added, as in the ¢ = 0.10 and 0.20 simulations,
rapid fibrillization occurs at earlier times.

Table 3 summarizes the results for the kinetic constant
parameters for the fibrillization fit to the model of Cohen et al.
as described in the Methods section: the primary fibril
nucleation rate constant, critical primary fibril nucleation rate
constant, maximum fibril growth rate, fibril elongation rate
constant, and the secondary fibril nucleation rate constant at
crowder volume fractions ¢ = 0.00, 0.10, and 0.20 and crowder
diameters S, 20, and 40 A. The first row of Table 3 shows the
primary fibril nucleation rate constant, k,, which describes the
formation of a fibril nucleus from a solution of monomers. All
of the simulations have primary fibril nucleation rate constants
that fall between 0.20 and 025 M™' s7', except for the
simulations with a crowder volume fraction of ¢ = 0.20 with 5
A crowders, which has a primary fibril nucleation rate constant
of 0.46 M™! s7'. The highest rate of primary fibril nucleation
occurs for the highest crowder volume fraction with the
smallest crowders. This indicates that the large depletion forces
under these conditions force nucleation to occur much more
rapidly, causing multiple small fibrils to form rather than a
single large fibril, as shown in Figure 1.

The second row of Table 3 shows the critical primary fibril
nucleation rate constants, k,, which can be compared to the
primary fibril nucleation rate constant. The critical primary
fibril nucleation rate constant is the value for the primary fibril
nucleation rate constant above which there is no lag phase. In
every case, the primary fibril nucleation rate constant is greater
than the critical value, confirming that there is no lag phase in
our simulations. Our hypothesis as to why there is no lag phase
in our simulations is that there is minimal, if any, monomer
dissociation from oligomers and fibrils, indicating that both
structures are more energetically favorable than a free monomer
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Table 3. Fibril Primary Nucleation Rate, Critical Nucleation Rate, and Maximum Growth Rate, Elongation Rate, and Secondary
Nucleation Rate for Crowder Volume Fractions ¢b = 0.00, 0.10, and 0.20 and Crowder Diameters 5, 20, and 40 A and Total
Crowder Surface Area Obtained by Fitting Simulation Data to Eqs 6—11

crowder size, crowder volume fraction, and total crowder surface area

D=40A D=40A
no crowders ¢ =0.10 ¢ =020
kinetic parameters ¢ = 0.00 96 X 107* A 192 X 107* A?

k, (M~ time™) 021 + 0.06 0.25 + 0.10 0.24 + 0.06
ko M7 time™) 0.03 + 0.01 0.04 + 0.01 0.07 + 0.01
Tmax (peptides time™) 0.05 + 0.02 0.08 + 0.02 0.13 + 0.02
k, M™! time™) 1.40 + 0.44 2.17 + 0.35 331 + 040
k, (M2 time™") 145 + 046 2.53 + 0.66 4.03 + 0.64

D=20A D=20A D=5A D=5A
¢ =0.10 ¢ =020 ¢ =010 ¢ =020
192 x 107 A? 384 x 107+ A% 786 x 107* A? 1536 x 107+ A?

0.20 + 0.09 025 + 0.05 0.25 + 0.09 0.46 + 0.18
0.07 + 0.01 0.12 + 0.02 0.15 + 0.03 0.26 + 0.02
0.13 + 0.02 0.24 + 0.04 0.29 + 0.05 0.51 + 0.04
342 + 043 5.85 + 0.78 13.48 + 2.94 11.38 + 2.03
3.97 + 0.64 741 + 1.58 4.87 + 4.55 17.53 + 10.33

and that we are operating above the supercritical peptide
concentration as described by Powers and Powers.”> The
maximum fibril growth rate, ., for each type of simulation is
shown in row three of Table 3. The maximum fibril growth rate
has a monotonically increasing trend with total crowder surface
area. Although the primary nucleation rate is approximately the
same for all simulations, except at D = § A and ¢) = 0.20, we can
see that the maximum growth rate does in fact increase with
increasing crowder surface area. This trend indicates that,
although primary nucleation occurs at approximately the same
rate for all conditions, the growth rate directly following
nucleation increases with increasing crowder surface area.

Next we look at the fibril elongation rate, k,, which describes
the rate of fibril growth through monomer addition to the ends
of the fibril and the rate of secondary fibril nucleation, k,, which
in our simulations is the rate of addition of a new f-sheet to a
fibril. The fourth and fifth rows of Table 3 show the fibril
elongation rate constant and secondary fibril nucleation.
Smaller crowder diameters and larger crowder volume fractions
increase both the fibril elongation rate and secondary
nucleation rate. As the total surface area of the crowders
increases, the fibril elongation rate constant and secondary
nucleation rate also increase monotonically. The exception to
the monotonically increasing trend is the D = S A, ¢ = 0.20
case. If a linear trend were to apply to these simulations, we
would expect an elongation rate constant of ~25 M~ s™! and a
secondary nucleation rate constant of ~10 M~ s™", but instead,
they are 11.38 M™' s™" and 4.87 M2 s/, respectively. We are
unsure why this deviation occurred, but it is possible that it is
because we need a more comprehensive equation to describe
fibrillization that includes mechanisms beyond primary
nucleation, secondary nucleation, and elongation.

The fastest fibril growth rate in our simulations occurs at a
crowder volume fraction of ¢ = 0.20 and a diameter of 5 A
where primary and secondary nucleation are very high. We
attribute the high rates of primary and secondary nucleation to
the very high depletion forces that occur under these
conditions. A high rate of primary and secondary nucleation
should lead to the formation of a large number of fibrils made
of many f-sheets. This behavior is indicative of nucleated
conformational conversion in which the peptides rapidly form
disordered oligomers, and then reorganize over time to form
fibrils. This is consistent with the snapshots of our simulations
in Figure 1H for a crowder volume fraction of ¢ = 0.20 and S A
crowders. As the crowder volume fraction decreases and the
size of the crowders increases, the depletion forces become less
prominent and the aggregation mechanism begins to shift
toward slow ordered fibril growth characteristic of nucleated
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polymerization. Nucleated polymerization would have lower
values of primary and secondary nucleation relative to fibril
elongation because nucleation occurs much less often than in
simulations with higher depletion forces. If nucleation occurs at
a lower rate and fibril elongation dominates, we would expect a
smaller number of longer fibrils and that is exactly what we saw
in our simulations in Figure 1E.

Nucleation time is the amount of time it takes until the first
fibril begins to form. We define the nucleation time as the
reduced time at which there are 20 consecutive nonzero values
for the number of peptides in fibrils. Without crowders, fibril
nucleation occurs after 38.0 reduced time steps. The fibril
nucleation time shows no particular trend with increasing
crowder volume fraction or crowder diameter for 20 and 40 A
crowders, varying between 31.5 and 41.2 reduced time steps for
20 A crowders and 34.7 and 44.4 reduced time steps for 40 A
crowders (data not shown). This indicates that the presence of
20 or 40 A crowders does not provide enough excluded volume
to force peptides down an aggregation pathway consistently
and that the nucleation time is random and most likely
dependent on the initial spatial distribution of peptides. We did
not observe the decrease in nucleation time at high crowder
volume fractions mentioned in the Introduction. Our
explanation for why we did not observe this behavior is that
our peptide does not need to fold in order to be a part of a
fibril. High crowder volume fractions and small crowders could
prevent the peptides from adopting the proper conformation to
be integrated into a fibril, but in our simulations, there is no
folding because AB(16—22) is only 7 residues long, so this
effect is not present. Additionally, the crowder volume fractions
we studied may not be large enough to see the delay in
nucleation time observed by others.

B DISCUSSION AND CONCLUSIONS

Using the combination of DMD and our PRIME20 force field,
we have been able to simulate systems of coarse grained
proteins that have realistic geometry and energetic parameters
along with crowding spheres up to realistic volume fractions.
Although previous studies have been performed on similar
systems, we are not aware of any that match the scale and
realism of the species involved in the simulations. The systems
contained 192 Af(16—22) peptides and crowders of diameters
S, 20, and 40 A, represented here by simple hard spheres, at
crowder volume fractions of ¢ = 0.00, 0.10, and 0.20. Our
results show that both crowder volume fraction and size have a
large impact on fibril and oligomer formation. The addition of
crowders to a simulation without crowders increases the rate of
oligomer formation and the peak number of oligomers that
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form. As the crowder volume fraction increases or the crowder
diameter decreases, the increase in oligomer formation is
accompanied by a shift from a slow ordered formation of
oligomers, similar to nucleated polymerization, to a fast collapse
and subsequent rearrangement that leads to the high maximum
number of peptides in oligomers as is characteristic of nucleated
conformational conversion. The rate of conversion from
oligomers to fibrils also increases, giving rise to an increased
rate of fibril growth. On the basis of our analysis, it appears
there is not an abrupt transition from nucleated polymerization
to nucleated conformational conversion while increasing
crowder volume fraction or decreasing crowder size; rather,
the mechanism governing fibrillization changes gradually with
the simulation conditions. In all cases, larger volume fractions
and smaller crowders provide the largest enhancement of
oligomerization and fibrillization. These results agree with those
of O’Brien et al. in that adding crowders of any size or
concentration to the simulation will enhance aggregation and as
the size of the crowders increases the level of aggregation
enhancement is diminished.”* Although crowding is also
expected to impact oligomerization and fibrillization through
changes in peptide diffusion and viscosity, we have not analyzed
those effects here.

We have also presented a free energy analysis of the
formation of dimers, trimers, tetramers, pentamers, and
hexamers in the presence of crowders. In our simulations, the
40 A crowders have interstitial spaces that are large enough to
easily accommodate the dimers and therefore stabilize these
oligomers, allowing them to persist longer relative to trimers,
tetramers, pentamers, and hexamers when compared to systems
of equivalent crowder volume fractions but different crowder
diameters. The depletion forces from the S A crowders are so
great that the largest oligomers, in our case hexamers, are the
most energetically favorable. Our analysis showed that in the
presence of crowders it is possible for specific oligomers to be
more energetically favorable than free monomers because they
allow the peptides to adopt more compact conformations. This
idea agrees with Munishkina et al. and their idea that, in the
presence of crowders, specific oligomer and fibril aggregation
pathways are preferred because of the favorability of specific
peptide structures and the fact that they may be more
energetically stable than others.*®

Since Ap fibrillization is thought to be a reaction-limited
process, crowding should increase aggregation and that trend
was observed.'” One trend we did not observe in our
simulations is the increase in fibrillization lag time associated
with very high crowder volume fractions. We surmise that we
did not observe this behavior because our peptide does not
need to fold in order to be a part of a fibril. High crowder
volume fractions and small crowders could prevent the peptides
from adopting the proper conformation to be integrated into a
fibril, but in our simulations, there is no folding because
AB(16—22) is only seven residues long, so this effect is not
present. Additionally, the crowder volume fractions we studied
may not be large enough to see the delay in nucleation time
predicted by Zimmerman and Minton and observed in
experiment by Cabaleiro-Lago et al. and observed in simulation
by Co et al.¥****

Although the combination of DMD and our intermediate
resolution protein model, PRIME20, has allowed us to simulate
the aggregation of a large number of peptides up to
physiologically relevant conditions, there are some inherent
limitations to our approach. Since the peptide studied is very

short, only seven residues, we are not able to get a picture of
how the competition between folding and aggregation changes
in the presence of crowders. In the future, we hope to examine
a longer protein sequence to focus on the effects of protein
folding in addition to aggregation. Although we are unable to
include hydrodynamic interactions in our DMD simulations, we
believe that their inclusion would likely enhance the rate of
oligomer and fibril formation beyond what we reported, since
long-range hydrodynamic interactions typically reduce protein
diffusion. In addition, since the peptide we are considering does
not fold, intrapeptide hydrodynamic interactions would not
come into play. Additionally, the model for the crowders that
we have used here only takes crowder volume exclusion into
account and does not capture the effects of nonspecific
attractive interactions that may exist between proteins and
crowders. A more detailed model might include these
interactions to address how they might change the influence
of crowding on aggregation. Finally, a more complex crowder
geometry might be necessary to increase the accuracy of our
simulations. We have limited our study to spherical crowders,
but crowders represented as sphereocylinders, polymer chains,
or coarse-grained representations of real crowding molecules
might increase the relevance of our simulations. In a
forthcoming study, we will examine how the addition of
attractive crowders to a system of peptides affects aggregation
and how different types of crowder—peptide interactions
change the behavior of the system. We predict that the
complex interplay between enthalpic and entropic effects
imparted by attractive crowders should have a much different
effect on aggregation than hard-core crowders, as shown by
Kim and Mittal and Sapier and Harries.***’ Strongly attractive
crowders would likely diminish the formation of oligomers and
fibrils, counteracting the aggregation enhancement due to hard-
core crowders shown in this paper.

The major conclusions in our paper are not sensitive to our
definition of fibrils and oligomers. For example, our definition
of an oligomer requires that at least two peptides share a side
chain contact or a hydrogen bond. We considered breaking this
into two classes of oligomer, disordered (primarily side chain
contacts between chains) or ordered (f-sheet structure), but in
these simulations disordered oligomers are very short-lived and
needlessly complicate the discussion. A change in the definition
of oligomer, e.g., requiring more hydrogen bonds, would simply
shift the curves to a later point in time as the ultimate structures
formed are the same. The values of our calculated parameters
would change slightly, but the overall trends would be
preserved.
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