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Conformational Polymorphism of the PrP106-126 Peptide in Different Environments: A
Molecular Dynamics Study
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Extensive molecular dynamic simulationsZ40 ns) have been used to investigate the conformational behavior
of PrP106-126 prion peptide in four different environments (water, dimethyl sulfoxide, hexane, and
trifluoroethanol) and under both neutral and acidic conditions. The conformational polymorphism of PrP106

126 in solution observed in the simulations supports the role of this fragment in the structural transition of
the native to the abnormal form of prion protein in response to changes in the local environmental conditions.
The peptide in solution is primarily unstructured. The simulations show an increased presence of helical
structure in an apolar solvent, in agreement with the results from circular dichroism spectroscopy. In water
solution,3-sheet elements were observed between residuesitiiBand either residues 11321 or 121

126. Ano—p transition was observed under neutral conditions. In DMSO, the peptide adopted an extended

conformation, in agreement with nuclear ma

Introduction

Prion diseaség are transmissible neurodegenerative disorders
characterized by the accumulation of abnormal forms of prion
protein (PrP9 in nervous tissué? In contrast with the native
form of the protein (Pr®, PrP¢is partly resistant to protease
digestion, binds nonspecifically to membranes, and forms
insoluble amyloidogenic fibril8. The accumulation of these
amyloid aggregates in the brain is correlated with the degenera-
tion of nerve cells. Transformation of the Printo the self-
propagating Prf® form involves a conformational change
associated with a decreasedirhelical secondary structure and
a marked increase jf-sheet contert Structural studiesshow
that the normal protein is composed of two structurally distinct
moieties: an extended N-terminus segment (residues23)
with features of a flexible disordered peptide chain, and a well-
defined globular domain (residues 12831) with threeo-
helices and a two-stranded antiparalfesheet. The structure
of the infectious form Pr®®, in contrast, is not known in detail
due to its complex, noncrystalline polymeric nature.

Experimental studies have shown that a synthetic homologue
of residues 106126 of human PrP (PrP164.26) exhibits some
properties typical of Pi#. These include neurotoxicity, an
ability to activate astroglial and microglial ceflgnd a tendency
to aggregate into amyloid fibrils that are partly resistant to
protease digestiohMoreover, PrP106126 shows remarkable
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gnetic resonance experiments.

polymorphism, acquiring different secondary structures in
different environments, as evidenced by circular dichroism (CD)
spectroscod® and nuclear magnetic resonance (NMR) experi-
ments!®11 These have shown that the chemical-physical condi-
tions, such as pH, ionic strength, and solvent composition alll
influence the secondary structure of the peptide. Because of
these properties, the PrP10626 peptide is a widely studied
model system for the in vitro investigation of the pathological
PrP protein. The PrP166L26 peptide consists of an N-terminal
polar head (Lys-Thr-Asn-Met-Lys-His-Met), followed by a long
hydrophobic tail (Ala-Gly-Ala-Ala-Ala-Ala-Gly-Ala-Val-Val-
Gly-Gly-Leu-Gly).

The conformational transition from P¥Ro PrP¢ appears
modulated by the nature of the surrounding medium. However,
the different experimental and theoretical studies that have been
conducted to date have failed to yield a consistent picture of
the underlying mechanism. Nevertheless, the strategic position
of segment 106126 lying between the structured and unstruc-
tured domains of the prion protein means that this region is a
prime candidate to play a key role in the structural transition of
PrF* to PrEc,

In this work, molecular dynamics (MD) simulations are used
to study the effect of the surrounding medium on the structural
properties of PrP106126. The complete characterization of this
peptide in isolation has proved difficult to achieve by using
experimental techniques such as X-ray crystallography and
liquid-state NMR. This is due to the tendency of PrP+Q@6
to form fibrils that have a complex, noncrystalline polymeric
structure. Computational approaches, however, allow us to
obtain a description of the peptide at a microscopic level. Here,
we present an investigation of the peptide as an “isolated”
molecule in solution. In addition, the charges on the termini of
PrP106-126 have been removed, while the majority of experi-
mental studies on PrP164.26 have been carried out on the
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uncapped peptide. We have made such a choice mainly for twoTABLE 1: Details of the Simulations Performec?

Lnain rehasons. First, the ACcIjD_rP]:Omé_‘) N:;'Z pehptidebrlnimkicz starting structure His111 solvent simulation time
Setter :j € Sequ.encet "ﬂse'}eh mbpmtembt an tdethur; ﬂ?c € onel. o—helix HIS  water 60ns, 10 fs10 ng, 10 ns,10 ns

econd, experimentally, it has been observed that the remova HISH water 60 ns. 10 ns, 10 ns, 10 A6, ns
of the C-terminus charge of amyloid peptides by amidation HIS DMSO 60ns, 10 ns, 10 ns, 10 A€ ns
inhibits fibril formation?12 HIS  hexane 60ns,10ns, 10 ns, 1018 s

PrP106-126 peptidét13and the slightly different PrP portion, o HIS  TFE  60ns,10ns, 10 ns, 10 ) ns
PrP109-12214 have been the subject of several previous A~hairpin  HIS = water  40ns, 40ns, 30 ns, 1028 ns
theoretical studies. Levy at & carried out four 2 ns explicit RISH water ~ 40ns, 40 s, 30 ns, 10 @9,ns

udies. Levy Armed | expic HIS DMSO 40 ns, 40 ns, 10 ns, 10 ) ns

solvent MD simulations and 30 implicit solvent MD simulations HIS hexane 40ns,40ns, 10 ns, 1048 s
to study the helix-coil transition of PrP106126 in water HIS TFE  40ns, 40ns, 10 ns, 10 @€ ns
solutions. They concluded that thehelix conformation at extended HIS  water 10ns

neutral condition is rather unstable, and they suggested that the aajicized values correspond to the simulations performed in the
helix—coil transition is governed by hydrophobic interaction largest box? Simulations extended to 60 ns during the work.
between His111 and Val122. Furthermore, Kuwata ét aked .

MD techniques to gain insight into the possible structural volumes were used: 154 and 364hmespectively. They were
properties of fibrils. In this work, MD is used to study the filled with around 4900 and 11 900 water molecules, 1100 and

conformational polymorphism of the peptide in different 2800 DMSO molecules, 600 and 1400 hexane molecules, and
environments. The peptide was simulated in four solvents of 1100 and 2800 TFE molecules, respectively. The distance

different polarity. The effect of varying the pH was mimicked ~between the peptide atoms and their periodic images was always
by changing the protonation state of amino acid side chains. greater than 1.5 nm. The simulation started from the extended
The results were compared with experimental data, taking into conformation was performed in a box of 21 000 water molecules

account the fact that the simulation conditions correspond to a (649 nn).

highly dilute solution (no aggregation). Nonbonded interactions were evaluated by using a twin-range
cutoff: interactions within the shorter-range cutoff (0.9 nm) were
Computational Technique evaluated every step, whereas interactions within the longer

cutoff (1.4 nm) were updated every 5 steps, together with the

The simulations were performed of the C-terminal amidated pair list. To correct for the neglect of electrostatic interactions
and the N-terminal acetylated forms of PrP1d&6. Two beyond the 1.4 nm cutoff, a reaction field (RF) correctiomas
starting conformations were used: an ideehelix and a  ysed. Thege values used are 78.0 for water, 47.0 DMSO, 6.0
B-hairpin modeled on the basis of the X-ray study of Inouye for hexane, and 26.7 for TFE. To maintain constant temperature
and Kirschnet® One simulation was also started from a gng pressure, a Berendsen thermésteds applied. The peptide
completely extended configuration. All the model structures and the solvent were independently coupled to a temperature
were built by using the software MAESTROThe peptide was  path (T = 298 K), with a coupling time of 0.1 ps. The presgire
described by using the GROMOS96 (43a2) force fidlih was held at 1 bar, with a coupling time of 0.5 ps for water, 1.0
which aliphatic hydrogen atoms are treated as united atoms,ps for DMSO, 2.0 ps for hexane, and 4.0 ps for TFE. The
together with the carbon atom to which they are attached. The jsothermal compressibility was set to 41675 bar* for water,
charges of ionizable groups were chosen appropriate for pH5 2.10-5 par! for DMSO, 11.210°5 bar ! for hexane, and
7.0: the lysines were protonated and the histidine was singularly 12 2105 bar2 for TFE. The time step was 0.002 ps. The bond
protonated and the d2—H tautomer was chosen. This form of  |engths and angle in water were constrained by using the
the peptide has been labeled HIS. To mimic PrPi086 under  SETTLE algorithm?? Bond lengths within the peptide and other
acidic conditions, the double pronotated form of the histidine solvents were constrained by using the LINCS algorifaffihe
was used (simulation HISH). Note that, as it is not possible to jnjtial velocities of the atoms were taken from a Maxwell
have partial protonation states, it was assumed that histidine isgjstribution at 298 K. Different random number seeds were used
singularly protonated at pH 7, even though tt& pf histidine for each simulation. The systems were simulated for a minimum
is around 6.0. of 10 ns to a maximum of 60 ns. Before carrying out the MD

The peptide was solvated in four different solvents: water, simulations, a steepest descent minimization was performed.
dimethyl sulfoxide (DMSO), hexane, and trifluoroethanol (TFE). In Table 1, the details of the simulations performed are reported.
Explicit solvent models were used. Specifically, the SPC model  The solvent accessible surface (SAS) was computed numeri-
for water was use#f For the other solvents, models developed cally.26 The atomic radii used were 0.16 nm for carbon, 0.13
to be compatible with the GROMOS force field (DMS®,  nm for oxygen, 0.14 nm for nitrogen, 0.20 nm for sulfur, and
hexané,” and TFE) were used. No counterions were added. 0.10 nm for hydrogen atoms. The atomic radius of the solvent
The total charge of the system wad for the HIS form of the  was 0.14 nm. An atom was defined as hydrophilic when the
peptide and+-2 for the HISH form. The question of whether  module of its partial charge was equal to or bigger than 0.2 e
counterions should be added to balance the overall charge inThe secondary structure element analysis was based on the
simulations is a matter of continuing debate. In this regard, it definitions of KabschSander’ To define the presence of an
should be noted that, because of the small-sized box, addingH-bond, an acceptethydrogen distance within 0.25 nm and
ions to balance the charge in this system would lead to very accepto+hydrogen-donor angle within 60was used.
high effective salt concentration, which could affect the stability ~ The protor-proton vicinal coupling constants between the
of the system. Thus, in order that a direct comparison with the amide proton and the “Groton £J4,,) Were estimated from
experimental data could be made, no counterions were addedthe simulations by using the Karplus relati¢h:
This also avoided difficulty associated with the very slow
equilibration of the ion distribution. %), 4y =Acos6+Bcosh+C 1)

All simulations were performed by using the GROMACS v
(version 3.0) packagéin a periodic triclinic box. Two box where@6 is the dihedral angle between the planes determined
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Figure 1. RMSD matrix for each structure from the HIS simulations of PrP1086 (see Table 1) with respect to all other structures generated
in the same environment. RMSD values (nm) for the backbone atoms of residud 2D évaluated after performing a least-squares best fit on the
same atoms.

by H—C®—N and C—N—H, respectively. The values used for in simulations initiated from g-hairpin, but in water solution,
the empirical constants A, B, and C are 6.511,.76, and 1.6, a f3-sheet was also observed in simulations starting from an

respectively?? a-helix. Figure 2 shows the secondary structure as a function
_ _ of time for some of the simulations in aqueous solution, together
Results and Discussion with representative configurations. When His111 is singularly

The PrP106126 peptide was simulated in four solvents: Protonated in water (mimicking neutral pH), the tendency to

water, DMSO, hexane, and TFE. In aqueous solution, two forms form aS-sheet is higher than in the simulations that mimic acidic

of peptide were considered: HIS, where His111 is mono- conditions. At neutral_ pH, am-helix to _ﬁ-sheet transit_iqn
protonated to mimic pH 7, and HISH form, where His111 is occurred after 2 ns (Figure 2). To examine the probability of

fully protonated to mimic acidic conditions. For each peptide ano—p t.ransition occurring, two other simulations .starteql from
solvent system, 10 independent simulations were performed@" o-helix were extended to 60 ns. In both the simulations, a

(Table 1). These differed in the starting configuratienhglix roughly stable conformation was observed during the last 30
or B-hairpin), the initial velocities, and the box dimensions. A NS: one resembled a hairpin and the other contained persistent
total of 240 ns of simulation was performed for each system. elements ofx-helix (structure.SAW in Figure 2). Elements of a
The simulations are labeled A when the starting structure is an/5-Sheet were also observed in the B set after 2 ns (see structure
oa-helix, and B when it is g-hairpin. 1Bw in Figure 2) and in the 10 ns simulation started from a

The simulations suggest that the behavior of the peptide COMPletely extended conformation. Tjiesheet elements ob-
depends significantly on the solvent environment. Figure 1 Se€rved in water involved either the residues 1082 and 115
shows matrixes of the root-mean-square deviation (RMSD) 121 (such as structures 1Aw and 1Bw in Figure 2) or the
values for the backbone atoms of each structure with respect to'€Sidues 108112 and 123126 (such as structure 2Aw). When
all other structures generated in the same environment. Thethe His11l is double protonated (mimicking acid pH), the
presence of light-colored, off-diagonal regions indicates the hydrophilic core of the peptide shows a persisterbelix
sampling of similar regions of conformational space. Despite conformatlon in the A set (initial structure-helical), while thg .
the difference in the starting structures, the simulations in water Predominant conformations of the B set resembled a hairpin.
solutions started either from am-helix or ap-hairpin show [N general, the results agree with those obtained by Levy et
overlapping regions (Figure 1). In DMSO, the initial structure al-**and support the hypothesis that, at neutral pH, the helix
is lost rapidly, and it is not possible to distinguish the regions coil transition is governed by the hydrophobic interaction
of the matrix belonging to different simulations. In the case of involving His111, while at acidic pH, the effect of these
the hexane and TFE simulations, the appearance of the RMSDstab|I_|Z|_r19 interaction is reduced because of the protonation of
matrix is quite different. The color distribution is inhomo- the histidine.
geneous. For both of the systems, two regions along the Table 2 shows the percentage of hefixsheet, and random
diagonal, one corresponding to the A set and the other to the Bcoil for each system observed in the MD simulations. Experi-
set, are evident. In none of the systems investigated was itmentally, data on the secondary structure is available from CD
possible to see specific effects of changing the starting velocitiesspectre® CD measurements suggest that the peptide has a
and/or the dimensions of the box on the sampling of the random coil structure (6556%) in deionized water at pH 5
conformational space. and 7, and aw-helical structure (58%) in TFE. A combination

The effect of the media is also reflected in the exposure of of random coil (38%) andg3-sheet (40%) was observed in
the peptide to the solvent. The average exposure of thephosphate buffer at pH 7, whilefasheet conformation (58%)
hydrophobic groups to solvent in water (11.4%ns less than was observed in phosphate buffer at pH 5. Moreover, the
that in DMSO (15.3 nd) or hexane (12.6 nf). Hydrophilic amidation of the C terminal decreases the propensity to adopt
groups are less exposed to solvent in hexane. The final valuesa S-sheet in phosphate buffer at both pH 5 and 7. Simulation
for the solvent-accessible surface were independent of theresults suggest (Table 2) that PrP3a6 is primarily unstruc-
starting structure in all simulations except those in TFE. tured. The percentages of secondary structure observed in the

To understand the effect of the environment on the confor- simulations is, in general, lower than those observed experi-
mational behavior of PrP106126, the presence of elements of mentally for uncapped PrP16@26. a-Helical elements were
secondary structure as a function of time was analyzed. In more persistent in hydrophobic environments, such as hexane
generalp-helical elements appeared only in simulations started and TFE solution, than in the more polar environments, water,
from ana-helix. Elements of #-sheet appeared more frequently and DMSO. In polar solvents, the percentage of helical structure
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Figure 2. Secondary structure elements of PrP2Q86 as a function of time for the HIS simulations in aqueous solution starting from: (a)
o-helix (60 ns, 60 ns); (bp-hairpin (40 ns). Structures: coil in whitg;sheet in redp-helix in blue, bend in green, turn in yelloy;bridge in
black, andz-helix in purple. On the top of the graphs, the representative structures are given together with labels. The pictures are done by using
the graphical program MOLMOE?

TABLE 2: Percentage of Secondary Structure in not be fully applicable to short peptidés32We also note that

PrP106-126 Observed in the MD Simulations CD vyields better predictions af-helix than of-sheef?
PrP106-126 % secondary structure Data on the conformational behavior of PrP3l&6 in
environment a-helix pB-sheet random coil solution is also available frorH NMR.1%In particular, spectra
water (HIS) 1 18 7 obtamgd in water at pH 3.5 and in DMSO have enough
water (HISH) 7 7 86 resolution to allow the measurement of protgmoton 3J
DMSO (HIS) 1 0 99 coupling constants between the amide arfdp@otons. The
hexane (HIS) 14 4 82 experiments were performed on the native as opposed to the
TFE (HIS) 28 2 70 amidated form of the peptide. TR& coupling constants were

aThe values are calculated omitting the first 5 ns of each simulation. also estimated from each of the simulation sets. Figure 3 shows
the experimental and calculated values'®f,, for PrP106-

is low, between 7 and 11% in aqueous solution and 1% in 126 in water and DMSO. The experimental values at pH 3.5

DMSO. The percentages in the simulations are comparable to@v€ been compared with those obtained by the simulations
that inferred from CD spectra of the uncapped PrPi0B6 carried out with His111 doubly protonated.

(13% in deionized water and 321% in buffer solution). The Except for the region around residues +139, the agree-
h|ghest percentage ﬁ sheet in the simulations (18%) was ment with the experimental data is reasonable in water (Figure
observed in water under neutral conditions, while highest 3a). Experimentally3J-coupling values in the 113119 region
percentage oﬁ sheet determined by CD (58%) was found at are low (less than 6.0 Hz), indicating erhelical conformation.

pH 5 in phosphate buffer. In the simulations in hexane, almost In the simulationsg-helical elements were mainly observed in
no 5-sheet was observed. This contrasts with the 64%gifeet ~ the hydrophilic regions. It is interesting to note that the
observed by CD spectra in liposomes. Note that the simulations J-coupling constants calculated for residues-1186 in water

in hexane can resemble only the hydrophobic core of the showed similar values despite whether His111 was singly (HIS)
membrane. However, it should be noted that, in general, the or doubly (HISH) protonated (data not shown). This suggests
direct comparison of simulations with the CD spectra is difficult, that the protonation state of Hisl1ll does not affect the
as relating intensities to percentage of secondary structure isconformational behavior of the hydrophobic tail significantly.
context dependent. Moreover, the parameters used to relate The calculated-coupling constants of PrP166.26 in DMSO
signal intensity to structure have been fitted to proteins and may show a better agreement with the experiment than the values
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Figure 3. Values of3Jyn, coupling constant (Hz) of PrP166.26 vs the amino acid number: (a) in water solution at pH 3.5; (b) in DMSO
solution. The experimental valuésre in gray-filled circle; the computed values are in black-filled circle (A and B sets together), in open square
(A set), and in open triangle (B set). The first 5 ns of each simulation were omitted when calculatiihgdhpling constants.

in water (Figure 3b). Unlike in water, where maidy, 1, values isolated PrP106126 is mostly unstructured in solution. The
are lower than 6 Hz in water, in DMSO, most are greater than peptide can adopt a metastable helical structure in more apolar
7 Hz, suggesting that the peptide is mainly in an extended solvents, such as hexane (14%) and TFE (28%). In agueous
conformation'® The secondary structure analysis of the peptide solution, a mixture off-sheet (18%) and helical structures (11%)
in DMSO does not show persistent secondary structure elementswere observed. In DMSO solution, the peptide is effectively
The number of intramolecular H-bonds is low. On average, random coil. The range of helical structure in the different
PrP106-126 has 1.5 intramolecular H-bonds in DMSO, while environments is in rough agreement with that inferred from CD
there are 7.5 in water, 8.2 in hexane, and 8.8 in TFE. The SAS spectra. However, the highest probability/bgheet formation
of the peptide in DMSO is on average 24.7 farwhile the in the simulations was observed in water, which is not supported
exposed surface to water or hexane is around-16751 nn?. by experiment.
The relative numbers of inter- and intramolecular H-bonds and  In aqueous solution, a persistent elemeng-sheet between
high values of SAS reflect an elongated conformation. In all residues 108112 and either residues 14421 or 121126
simulations in DMSO starting from an-helix, the original ~ was observed. At neutral solution, an—j transition was
structure was lost within 5 ns. This is slightly longer than in observed in the simulations. When His111 was protonated,
water (2 ns). This could be related to several factors. For one, mimicking acid conditions, na—g transitions were observed
the shear viscosity of the DMSO model is 1223 kg m™* and the probability of-sheet formation decreased, in contrast
s 1,19 while for SPC, water is 0:40°3 kg m™* s71.3 The with CD data obtained at pH 5 in buffer solution. Also, the
displacement of the solvent could be seen as an importanta-helical conformation in the region Alal¥3\a120 deduced
determinant of the kinetics of the loss of the starting conforma- by NMR experiment at pH 3.5 was not reproduced in the
tion34 An alternative explanation might be that water is better simulations. The extended conformation observed experimen-
able to disrupt internal H-bonds. tally for PrP106-126 in DMSO solution was reproduced, with

In DMSO, there were only very small differences in the J-coupling constants from the simulations in good agreement
J-coupling constants between the A and B sets (Figure 3b), with experiment.
suggesting the simulation had converged. This was not the case |n conclusion, MD simulations of PrP166.26 clearly
in either hexane or TFE. Manycoupling constants calculated indicate that the peptide shows conformational polymorphism
from the simulations in hexane and TFE were below 6 Hz when in solution. Thus, they provide support to the possible role of
the A set was analyzed (reflecting the present of the helical this fragment in the structural transition of Bri PrFc in
element) and above 7 Hz when the B set was considered. Inresponse to changes in the local environmental conditions. The
hexane (14%:-helix), the persistent helical structures involved results from the simulations have been verified where possible
the hydrophilic part (residues 16812) and the hydrophobic  against the available experimental data. We note, however, that
one (residues 134122); in TFE (28%a-helix), the starting  direct comparison is not possible, both due to the limited time
a-helix model never lost the initial conformation. The large scale that can be simulated and the fact that the effect of

differences in the-coupling constants between the two sets in  aggregation can never be fully eliminated from the experiment.
hexane and in TFE reflects the fact that 60 ns of simulation is

not enough to achieve equilibrium.

Finally, it should be noted that the simulations have been
performed by using a capped form of the peptide. In contrast, (1) Prusiner, S. BSciencel991, 252, 1515.
the experiment data is primarily available for the native form 1995(32%)3’3'3“;;”8“ S. B.; Scott, M. R.; De Armond, S. J.; Cohen, FC&ll
of .the pept|d(_a. Experiments pe_rformed on the C-terminus 3) ihang:], H.; Stockel, J.; Mehlohorn, I.; Groth, D.; Baldwin, M. A;
amidated pepticeand recent experiments on PrP[Ac-1026- Prusiner, S. B.; James, T. L.; Cohen, F.Hiochemistry1997, 36, 3543.
NH2]3 show that the removal of the C-terminus charge affects (4) Pan, K. M.; Baldwin, M.; Nguyen, J.; Gasset, M.; Serban, A.; Groth,
the conformational properties of the peptides. In water solution, D.; Mehlhorn, I.; Huang, Z.; Fletterick, R. J.; Cohen, F. E.; Prusiner, S. B.
the amidation of the C-terminal decreases the propensity to adopt”70¢- Natl- Acad. Sci. U.S.A.993 90, 10962.

_ ; ; ; (5) (a) Riek, R.; Hornemann, S.; Wider, G.; Glockshuber, R tiWiah,
a f-sheet, and no increase in the proportionfesheet was CEpg’| er1097 413 282. () Riek, R Horemann, S.: Wider, G.:
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