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1 Introduction

A broad range of human diseases are known to arise as a cemsegof protein aggre-
gation and misfolding. A specific class of these so calledlamyproteins are known to
generate fibrillar aggregates. Specifically these aggeedave a cross-sheet structure,
where the3-strands run perpendicular to the fiber's long axis, and #ukbone hydrogen-
bonds stabilize the sheets propagating along the direcfighe fiber. Well known ex-
amples for diseases involving amyloid proteins includehgimer’s disease, caused by
aggregation of the A peptide, and the transmissible Creutzfeldt-Jakob Diseassed by
aggregation of the human prion protein, PrP.

Although considerable progress has been made in recert yeeard the elucidation
of the structure and properties of amyloid fibrils, littlekisown about the structure and
dynamics of the oligomers that are involved. The precisgitmof pathogenicity in amyloid
diseases remains elusive, although current evidence sisgipat the soluble oligomeric
precursors, rather than the fibrils themselves, are theaytospecies. Further studies that
help to reveal the molecular mechanism of the multi-stejggse of amyloid aggregation
are needed to find the missing link between amyloid fibrils #eddisease to which they
are connected.

The aim of the present work is to study the oligomerizatiothefpeptide GNNQQNY.
GNNQQNY is a polar heptapeptide from the N-terminal pria@tedmining region of the
yeast prion protein Sup35. The atomic resolution crystakcstire of GNNQQNY has re-
cently been determined by Eisenberg and co-workers usiray xnicrocrystallograplfy
There is strong evidence that the microcrystals formed byl@dogenic peptides or pro-
teins are closely related to their amyloid fibfilsWe aim to probe the self-assembled
structure of GNNQQNY using peptideB, the coarse grained)(fo€ze field proposed by
Bereau and Deserfio We perform replica exchange molecular dynamics (REMD)-sim
ulations starting six monomeric GNNQQNY peptides in randstarting positions, and
analyze the results in terms of microcanonical and canbgientities.

2 Methods

peptideB Force FieldThe GNNQQONY peptide (Gly-Asn-Asn-GIn-GIn-Asn-Tyr) wagre

resented by the coarse grained (CG) force field pepfid€Be primary reason for using a
coarse-grained force field was due to the time scales assdaidgth peptide aggregation,
which generally extends over a time scale much beyond a secand. Though molec-
ular dynamics (MD) simulations of atomistic models havecheal the microsecond time
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scale, it is not possible to use standard MD simulations plieix solvent to study aggre-
gation processes extending over a time scale much beyoncrasecond. In the peptideB
model the backbone is represented by three beads per resitlile only one bead per
side chain is used. The side chain bead is the location of ghat@n coining the name
peptideB force field. The peptideB forcefield was parameterito reproduce both local
conformations and tertiary structures. The relativelyhhigsolution of backbone beads al-
lows for the force field to model physically relevant secayddructures, such assheets,
a-helicies, and random coils.

Replica Exchange Molecular DynamicBhe force field is used in conjunction with the
Espresso simulation package described below. All simaratiwere run using REMD,
where multiple MD runs of the same system (replicas) are mnlsaneously at different
temperatures. After a specified number of time steps, &plid neighbouring tempera-
tures can be exchanged, provided that a Metropolis critassatisfied. This procedure
allows high-energy structures to be accepted for the r@plad higher temperature. The
associated configurational changes then migrate to theasmt lower temperatures when
exchanged with each other. We performed 20 independent REMDIations starting
from six monomeric GNNQQNY peptides in random starting poss, each at 16 differ-
ent temperatures ranging from approximatety — 366 K. We used a cubic box with edge
length 4954, giving a concentration o’ ~ 80mM. We let the system relax for 10s
before collecting statistics for analysis. Productionsriasted for 4Qus.

Analysis For the identification of standard transitions and theirrabteristics, several
impact parameters, such as the potential energy and twereliff orientational order-
parameters, were collected during the REMD simulationsthedheat capacity was calcu-
lated using the weighted histogram analysis method (WHAM)

3 Results and Discussion

Low EnergyWe found the minimum energy structure in every temperatuest of every

simulation. Although the minimum energy structure does gie¢ any thermodynamic
information, is does provide a clue as to what peptideB miigick to be the ground state
of the system. As seen in Fig. 1, peptideB has successfulhpleal ag-sheet aggregate,
as is expected for GNNQQNY

Heat Capacity The heat capacity is a measure of the change in energy véiseghange
in temperature. As a system undergoes a major structurdbmroation change (phase
transition), small changes in temperature produce prapeaily larger changes in energy
giving rise to a peak in the specific heat curve. In our work, obgained the average
specific heat as a function of temperature from a canonical WH#alysis. Error in the
specific heat was obtained by taking the standard deviatidgheoaverage specific heat
of the system at the temperatures of the replicas over allu@6.rAs seen in the Fig. 2,
the average heat capacity behaves in the manner expectdtfoictural transition, which
transforms from the dissociated phase to the aggregatesd pfiae error bars tell us with
certainty that the peak in the specific heat is not due to narfticctuations.
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/
Figure 1. A minimum energy structure from one of the 20 GNNQQN¥s: This structure was sampled at

~ 189 K. We see that although GNNQQNY form@-sheets with paralleB-strands, the strands are not in-
register.

1600

1200 : %%i :

1000 ; 1

800} / ]

600 - { B

Average Heat Capacity

200 I I I I I I
0.6 0.7 0.8 0.9 1 11 1.2 13

Temperature

Figure 2. The heat capacity is plotted against temperatuobt@sned from our REMD simulations of six GN-
NQQNY peptides in a box. Temperature in CG simulations is n@say to define as temperature in atomistic
simulations, but 1 temperature unit in the peptideB model is@pmately equal to 300 K. Thus the peak at
~ 0.9 temperature units indicates a phase transition 867 K.

Orienlational Order Parameterd\Ve also looked at the orientational order paramefgrs
and P,, which are widely used for studying the properties of amat fluids, and are
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Figure 3. The averag®, and P, as a function of temperature show h@strand orientation evolves with
temperature. Temperature in CG simulations is not strictlyppridonal to temperature outside of the simulation,
but 1 Temperature Unit is approximately equal to 300 K.
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Here, the directod is a unit vector defining the preferred direction of alignten is
defined as unit vectors linking the peptides termini fromkhto the C terminus, an&v
is the number of molecules in the simulation box, i.e., siptjukes in this study. The
director is defined as the eigenvector of the ordering matrat¢ corresponds to the largest
eigenvalue.P, describes the orientational order of the system and diguaites between
ordered and disordered conformations, i/, will be 1 if the monomers are arranged
in either a parallel or antiparallel conformation and wiinish for the system in a fully
isotropic state. The polaP, describes the polarity of the system, i.e., how much the
molecular vectorg; point in the same direction. It will be 1 if the monomers amaaged
in a parallel conformationP; thus allows to discriminate between parallel and antipziral
mixed ordered aggregates. At low temperature, we seeéhand P, are high, whereas at
high (~ 1) Temperature®; and P, are low (~ 0). At low temperature, we see th&t and
P, are high, whereas at high-(1) Temperature?, and P, are low ¢ 0).

With this knowledge, we can conclude that that peptideB hasapability of aggre-
gating randomly structured monomers into ordered parbd&-sheets.
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