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ABSTRACT. Molecular dynamics simulations have been used to investigate the dynamical and structural
behavior of a homology model of human prion proteiuPrP@0—230) generated from the NMR structure

of the Syrian hamster prion protelBHPrP@0—231) and of SHPrPE0—-23)) itself. These PrPs have a

large number of charged residues on the protein surface. At the simulation PR ©00—230) has a

net charge of-1 eu from 15 positively and 14 negatively charged residues. Simulations for both PrPs,
using the AMBER94 force field in a periodic box model with explicit water molecules, showed high
sensitivity to the correct treatment of the electrostatic interactions. Highly unstable behavior of the structured
region of the PrPs1R7—230 was found using the truncation method, and stable trajectories could be
achieved only by including all the long-range electrostatic interactions using the particle mesh Ewald
(PME) method. The instability using the truncation method could not be reduced by adding sodium and
chloride ions nor by replacing some of the sodium ions with calcium ions. The PME simulations showed,
in accordance with NMR experiments wiBtPrP and mouse PrP, a flexibly disordered N-terminal part,
PrP@0—126), and a structured C-terminal part, PtP{—230), which includes three-helices and a short
antiparalle|s-strand. The simulations showed some tendency for the highly conserved hydrophobic segment
PrP@12—-131) to adopt aro-helical conformation and for helix C to split at residues 2223, a known
disease-associated mutation site (Q212P). Three highly occupied salt bridges could be identified (E146/
D144—R208, R164>D178, and R156-E196) which appear to be important for the stability of PrP by
linking the stable main structured core (helices B and C) with the more flexible structured part (helix A
and strands A and B). Two of these salt bridges involve disease-associated mutations (R208H and D178N).
Decreased PrP stability shown by protein unfolding experiments on mutants of these residues and
guanidinium chloride or temperature-induced unfolding studies indicating reduced stability at low pH are
consistent with stabilization by salt bridges. The fact that electrostatic interactions, in general, and salt
bridges, in particular, appear to play an important role in PrP stability has implications for PrP structure
and stability at different pHs it may encounter physiologically during normal or abnormal recycling from
the pH neutral membrane surface into endosomes or lysomes (acidic pHs) or in NMR experiments (5.2
for SHPrP and 4.5 for mouse PrP).

Prion protein (PrP)is associated with an unusual class  PrP* is a secreted cell surface glycoprotein with still
of neurodegenerative diseases, which include scrapie inunknown function, which cycles between the cell surface
sheep, bovine spongiform encephalopathy (BSE) in cattle,and endocytic compartments, (9). The accumulation of
and kuru, CreutzfeldtJacob disease (CJD), Gerstmann  PrP¢ occurs in late endosomes and lysosomis).(The
Straussler-Scheinker syndrome (GSS), and fatal familiar conformational change between Prénd PrBcin animals
insomnia (FFI) in humansl(-3). According to theprotein and humans is strongly associated with mutations in the PrP
only hypothesisZ, 4, 5) the disease is caused by an abnormal gene and leads to a protease-resistant remnant consisting of
form of the 250 amino acid long PrP, which accumulates in residues 96231, which appears to be the minimum unit
plaques in the brain. This disease-associated form of PrP¢orrelated with infectivity. As shown in Figure 1, 17 disease-
(PrP9 differs from the normal cellular form (PHPonly in associated mutations are known so far for humand {—
its three-dimensional structure, and FTIR and CD spectra 14), most of which occur within the C-terminal part of PrP.
indicate that it has a significantly increased conterft-eheet It has been proposed that formation of P caused by a

conformation compared with PYR6, 7). self-replication effect¥) and that this process is increased
by these disease-associated mutations in the PrP gene. Two
*To whom correspondence should be addressed: tel, 61-2- different kinetic models have been proposed. In the first
62798304; fax, 61-2-62490415; e-mall, jill.gready@anu.edu.au. model, the rate-limiting step would be the irreversible
! Abbreviations: PrP, prion proteitduPrP, human prion protein; IV . fth ic P
MoPrP, murine prion proteinSHPrP, Syrian hamster prion protein; ~autocatalytic conversion of the monomeric Pt8 a mon-

PME, particle mesh Ewald. omeric PrP¢ subunit, followed by a fast oligomerization of
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Ficure 1: Alignment of the amino acid sequencesHiiPrP, SHPrP, andMoPrP with secondary structure information. The amino acid
residues in black boxes are mutation sites known to be associated with inherited forms of PrP diseases in humans [CJD, D138N:129V (
V180l (3), T183A (3), E200K @), R208H @), V210I (3), and M232R 8); GSS, P102LJ), P105L @), A117V (3), Y145Stop 8), H187R

(14), F198S 8), D202N (13), Q212P {3), and Q217R J); FFI, D178N:129M 8); schizophrenia, N1718L®)], while in light gray boxes

residues involved in some polymorphisms influencing these diseases are shown [MB)2BZ19K (L1)]. The amino acid numbering is
according toHUPrP. The boxes denote identical amino acids among the three sequences. The structure information includes the secondary
structure elements(for a-helicesS for 3-sheets, an# for turns) from the NMR structure &HPrP(96-231) 29). In addition, the dotted

line (...) identifies theflexibly disordered part, the solid line- the structuredpart, anda the exposed residues. Tiedenotes the two
N-glycosylation sites oHUPrP andv the two cysteines involved in the disulfide bridge. The boxed region denotes the pufPd® which

has been included in the models, i.e., residuesZRD.

the subunits§). This model has been questioned recently general features in the full-length PrP NMR experime88; (
by simulations of the kinetics of prion formatiod5). In 28). The threea-helices could be identified in all NMR
the second model, a fast equilibrium between monomeric structures very consistently, even though with slightly
PrP- and a monomeric PEPprecursor is proposed, with the  different length. On the other hand, the antipargiedheet

rate-limiting step being the formation of a PfRligomer, was not always as well define@%, 28) and has, therefore,
which acts as a nucleus for the growth of larger oligomers been suggested to serve as a possible nucleation site for the
(5, 16). conversion of PrPinto PrPe (5).

The mature form of Pr® made up of residues 2231, Molecular dynamics (MD) simulation has become a
is anchored to the cell membrane via a glycosylphosphatid- powerful tool for studying the structure and dynamics of
ylinositol anchor (GPI anchor) at its C-terminuk7(-19) biologically important molecules30—32). From many

and has twdN-glycosylation sitesZ0—22) and one disulfide  studies it has become apparent that wapeotein inter-
bridge. Three-dimensional NMR structures of the full-length actions are very important for structural and functional
and N-terminally truncated forms of recombinant murine PrP aspects of biopolymer chemistry, and although the simulated
[MoPrP £3—26)] and Syrian hamster PriSfPrP @7—29)] system may become very large, the use of explicit water with
have revealed that the whole N-terminal segment PP(23 periodic boundary conditions is necessary to obtain accurate
126) is flexibly disordered and that only the C-terminal part dynamical behavior. With increasing computer power,
PrP(127231) possesses a defined three-dimensional struc-simulations of 1us are already reporte®y). Apart from
ture. For both species of PrP, this structurally well defined explicit treatment of the solvent, the treatment of the
part consists of three-helices and a small two-stranded electrostatic interaction forces is important for obtaining
antiparalle|s-sheet. NMR structures of the C-terminal portion accurate simulations3@). Calculation of long-range elec-
only of PrP,MoPrP(121-231) @3, 24) (PDB: 1AG2) and trostatic interactions is the most time-consuming part of MD
SHPr(P9G-231) 7, 29) (PDB: 1B10), showed the same simulations. The usual practice is to truncate these Coulombic
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Ficure 2: Stereoview of théHuPrP—Ca starting model. Protein is shown in ribbons and counterions are shown as spheyesn@l

green spheres; Nablue spheres; Ca, red spheres). Amino acids which have changed from the hamster PrP are shown in ball-and-stick
representation. PrP coloring is graded from blue (N-terminal) to green (C-terminal). The picture was generated using MOL&RIPT (
and RASTERS3D §5).

interactions, neglecting those beyond a defined cutoff charged groups in regions with most favorable electrostatic
distance. While the truncation discontinuity can be smoothed potential for binding, using either geometric or energetic

by applying switching or shift functions to the energidd)( criteria or using procedures with a genetic algorithsi)
nevertheless all these methods lead to errors in the calculatiorin addition, the concentration of these counterions was
of Coloumbic forces acting on atom35, 36). In particular, reported to influence the dynamical behavior of the simulated

highly charged molecules such as nucleic acids tend to structure, as adding extra salt ions (in addition to the charge-
become unstable during MD simulations when truncation balancing counterions) increased the stability of protein
methods are applied37). Adding salt ions to balance the structures 42, 52—54) even further.
charges and neutralize the system leads to increased stability To date, no three-dimensional structure for human PrP
of the model in various simulations3§—41). Similarly, (HuPrP) has been reported. Our main aims in this work were
increased stability could be achieved by increasing the sizeto build a homology model oHuPrP and analyze its
of the water box and with it the cutoff distancé?, but structural and dynamical behavior by MD simulations. The
this dramatically increases the computational time. sequence similarity between mouse or hamster PrP and
Another method to overcome the problem of correct human PrP is quite high, with differences mostly in the
treatment of the electrostatic interactions without extraordi- C-terminal structured part (see Figures 1 and 2). The
narily long computational time is using the particle mesh homology model ofHuPrP was made using the NMR
Ewald (PME) method. This method considers all electrostatic structure of hamster PrP and included residues ZAD.
interactions over the complete system but requires no moreAlthough the homology model included both the flexible
than double the computational timé&3( 44). The algorithm (PrP9G-126) and structured (PrP12228) parts of PrP, the
employs interpolation of reciprocal-space Ewald sums from analysis was focused mainly on the structured part where
a grid and computation of convolutions using fast Fourier most of the known disease-associated mutations are located.
transformation. The PME method has been used in the The first MD simulations of the homology model indicated
simulation of highly charged molecules, such as DNA and a highly unstable structure. To find simulation parameters
RNA, with the result that stable structures could be obtained which result in a stable structure BUPrP, we analyzed the
during simulations of up to 5 ng%—48). Similarly, reduced influence of different electrostatic interaction treatments and
backbone mobility is observed in protein systems which are different ionic environments on the stability of ti&PrP
less charged than polynucleosidag, 46). Additionally, the model. For comparison, a model of t8EPrP NMR structure,
PME method has been shown to be a robust method SHPrP(96-231), with the extended ionic environment was
insensitive to the size of the water box used in the simulation, simulated using the two different treatments for the electro-
as minimum solute-box edge distances of 5, 10, and 15 A static interactions. Both PrP models, human and hamster,
showed no significant differences in these MD simulations showed the same instability when the truncation method was
(49). used but showed stable structures when the correct treatment
For application of the PME method a neutral system is of the electrostatic interactions was used. The latter trajec-
required 43). One reported way to achieve this is to change tories were analyzed to describe the dynamical and structural
the partial atomic charges of highly charged residues, like properties of PrP.
phosphates in DNA or RNASQ), such as to give a zero net
charge for the whole model. A more realistic way to METHODS
neutralize the system is to add salt ions to balance the charge. All calculations were carried out using the AMBER 5
Counterions, like sodium and chloride, are placed near package %5, 56) and the all-atom force field of Cornell et
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Table 1: Summary of Simulation Conditions and ResultsStPrP andHuPrP

SHrP HuPrP
models Na Na Cl Na Ca Cl Na Ca

Cl~, Na*, Ca&* ions 12,9,0 12,9,0 1,0,0 13,12,0 13,4,4 1,0,0 13,12,0 13,4,4

electrostatic cutoff PME cutoff cutoff cutoff PME PME PME

simulation time (ps) 720 1120 720 600 1500 720 720 1120
average tenfg (K)

PrP 316.5 299.3 310.2 316.5 316.5 299.4 299.7 299.2

water 361.7 298.5 342.0 362.4 341.2 298.5 298.5 298.4
RMSD?¢ (A)

all (90—231) 6.2 5.0 6.0 49 8.7 3.3 3.9 4.4

N-terminus (96-125) 7.3 6.0 6.7 5.2 10.2 4.3 5.4 4.8

structured (126:227) 43 3.0 43 3.4 4.8 2.3 21 2.0
secondary structut¢%)

o-helix 18.5 35.1 20.9 21.8 13.6 28.7 34.0 34.9

3io-helix 8.1 7.5 13.1 10.7 19.8 10.7 9.7 10.7

p-strand 0.0 2.9 3.6 3.4 2.7 34 41 35

H-bonded turn 22.7 17.1 19.1 20.3 27.1 25.2 20.2 16.9
radius of gyratiofd (A) 171 17.8 17.4 17.4 16.9 16.2 15.7 16.6
diffusion coef (m?/s)

Cl-, 2.08 x 10°° 7.53 2.33 6.07 7.49 8.07 4.53 2.98 2.26

Nat, 1.34 x 107° 4.78 1.54 4.12 5.98 1.16 1.92

Ca*,0.80 x 10°° 0.90 0.34

a Corresponding average values over the whole simulati8a0 K was used as the simulation temperature for all mod&81SD of backbone
atoms: [(INa)3(ri(t) — ri(to))3 Y2, with r,(t) coordinates of aton at timet andNa the number of atoms.Radius of gyration: [(Ma)3 (ri(t) —
rem(t))q Y2, with rew coordinates of the center of masg®iffusion coefficient D) obtained from mean square displacement of the salt ions using
the Einstein relatiorlr(t) — r(t — At)|?0= 6DAt. f Experimental diffusion coefficient at 300 K.

al. (657). For the Na and Ca&" ions, the nonbonding the water box during the MD simulations, this would

interaction parameters were adapted from-iamater inter- correspond to a solution concentration~e® mM CI- ions.

action potentialsg8) leading to the following valuesR* y, (B) HuPrP—Na: For the second model, the Gind N&

= 1.8762 A, ena = 0.0028347 kcal/molR*c, = 1.3333 A, ions were placed near each charged residue on the surface

andec, = 0.4597900 kcal/mol. using the AMBER 5 program CION. This explores the
HuPrP Models To build an homology model faduPrP, electrostatic energy surface near charged residues to find

we used the NMR structure &HPrP [Brookhaven Protein  positions with favorable counterietprotein interactions. A
Data Bank (PDB) entry 2PRRT7)]. The homology model  total of 13 CI and 12 N4 ions were added, corresponding
was built with the program MODELLER Version 69 to solution concentrations 6116 mM CI- and~107 mM
using the sequence alignment shown in Figure 1 and defaultNa" ions.
parameters. To refine the positions of the side chains, the (C) HuPrP-Ca: The third model was generated by
resulting model was surrounded by a X978 x 79 A TIP3 manually replacing each of the four pairs of close"Nans
water box, minimized for 1500 steps and then subjected to in the HuPrP-Na model by one Ca ion. These pairs of
a 60 ps long MD simulation starting at 600 K, cooling to Na' ions arose from two Asp or Glu side chains being close
300 K within 5 ps, and then keeping the temperature at 300 together on the surface of PrP. One*Cimn was placed on
K. During the simulation, the backbone d¢fuPrP was the surface of helix A (see Figure 1 for secondary structure
restrained to its position after the minimization, and the definitions) close to Asp144 and Aspl147, one at turn C close
restraint force was gradually reduced from 100 kcal/(mplA  to Asp167 and Glu168, one between turn D and helix C
to 0 within 50 ps. The simulations were carried out using bridging Glu196 and Asp202, and the last one on the surface
periodic boundary conditions and constant volume (NVT), of helix C close to Glu207 and Glu211. The resulting model
1 fs step size, and a temperature rescaling every 0.2 ps. had 13 Cf, 4 C&", and 4 Na ions, corresponding to
After initial refinement of the homology model the solution concentrations 6£117 mM CI and~36 mM Na
protonation states for the ionizable residues were set to theirand C&" ions. Figure 2 shows this model as a stereoview.
ionization state at pH 7 as calculated with the program All three different models were then immersed in a
TITRA (60). Thus, Glu and Asp were negatively charged rectangular box of preequilibrated TIP3 water molecules of
and Lys and Arg positively charged. All the histidines 66 x 63 x 58 A size, resulting in systems with 5183, 5143,
(positions 96, 111, 140, 155, and 187) were protonated atand 5147 water molecules for tiéuPrP—CI, HuPrP—Na,
the e-position, based on an analysis by the program andHuPrP-Ca models, respectively, and with total numbers
WHATCHECK (61). After setting the protonation state, the of 17 730, 17 634, and 17 642 atoms.
model had a total charge dfl eu. To neutralize the system, ShPrP ModelThe model for the NMR structure &ftHPrP-
salt ions were added to the model. As defined above, three(90—231) was prepared in the same way as the models for
different models for the salt ions were constructed (see TableHuPrP. The protonation states for the ionizable residues were
1): set to their ionization state at pH 7 as calculated with TITRA,
(A) HuPrP-CI: In the first model, only one Clion was resulting in negatively charged Glu and Asp residues and
added (using LEAP in AMBER 5), corresponding to the positively charged Lys and Arg residues and a net charge of
minimum number of counterions necessary to neutralize the+3.0 eu. Histidine residues 96, 111, 140, and 177 were
system. Considering an average volume-dB5 000 & of protonated at thé-position and His187 at theposition, as
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calculated by WHATCHECK. To neutralize the model, the molecular trajectories was done with the program CARNAL
positions of Nd and CI ions were calculated by CION, in AMBER 5, including structural alignment and calculation
resulting in a model with 9 Naions and 12 Cl ions. The of the RMSD of the structure, radius of gyration, translational
model was immersed in a rectangular box of preequilibrated diffusion coefficient, and radial distribution functions for the
TIP3 water molecules of 6% 63 x 57 A size, resulting in ions. Analysis of the secondary structure akd yalues were
a model with 5104 water molecules and 17 540 atoms done with the DSSP6@) and the TITRA 60) program. Salt
(SHPrP—Na in Table 1). bridges were defined by the distance between the positively
MD Simulation All simulations were performed using the and negatively charged heavy atoms. For Arg residues, all
SANDER module in the AMBER package. Newton’s equa- three nitrogen atoms of the side chairr, N, N7%, were
tions of motion were integrated with a step size of 1 fs, with used. A salt bridge was deemed present if the distance
lengths of all bonds involving hydrogen atoms constrained between the two heavy atoms less the corresponding van
using the SHAKE algorithm and a relative tolerance of 5 der Waals radii was smaller than 1.5 A. For model
1076 A. A pair list to calculate nonbonded interactions was manipulation and visual analysis, INSIGHTII (MSI) was
generated every 50 simulation steps. The temperature of theused. The pictures were generated using MOLSCRE], (
system was controlled to be 300 K using two independent RASTER3D 65, MOLMOL (66), and POVRAY
Berendsen thermostat§2), one for the solute and one for  (http://www.povray.org).
the solvent, and with coupling times,ue= 0.5 ps antsoent
= 0.75 ps. Overall translational and rotational motion of the RESULTS
system was removed every 100 time steps. The electrostatic
interactions were calculated by two different methods, one )
by truncating the interaction (cutoff) and one by calculation _ HUPTP Homology ModelThe differences between the
of the long-range interactions using the particle mesh Ewald StPrP and théduPrP sequences are mainly in the C-terminal
method (PME) implemented in SANDERS). For the cutoff part of the_protem, the region which shows defined secondary
method, a cutoff distancef @ A was used. For the PME  Structure in the NMR structures &HPrP andMoPrP (see
method, a grid size of 64 64 x 64 as used, equal to a grid Figures 1 and 2_). These differences involve three c_hanges
spacing of~1 A or less. (13.8, 139, 143) in turn A (the tum befo_re the fiksthelix,
To equilibrate the system, all models were first minimized N€lix A), two changes (145, 155) in helix A, three changes

(1500 steps) and then subjected to a 30 ps constant pressurg-66; 168, 170) in turn C (the turn between the second
(NPT) simulation, starting from 600 K with atom velocity £-Strand, strand B, and the secoaehelix, helix B), and
assignment according to a Maxwell distribution and cooling Ve changes (203, 205, 215, 219, 220) in the thirdelix,

to 300 K within 5 ps. Temperature and pressure couplings hellx. C. The dlfferences .|nvoIV|ng thigexible part are one
were gradually reduced over the 30 ps period, and the update(97) in the N-terminal region and.thrge (227, insertion before
frequency of the nonbonded atom list decreased from once228, 229) at the C-terminus, which in thiiPrP homology
every 15 fs to once every 50 fs. The density equilibrated in model has been defined as an .elonganon of helix C. Although
all simulations to a value-1.0 g/mL, and the box size shrank Most of the changes occur in tretructured part of the

to approximately to 61x 58 x 53 A for all models. An protein, most of these involve residues wh_|ch are well
additional 20 ps constant volume simulation (NVT) with €xPosed on the surface of ShPrP (see Figure 2), and
model-specific simulation parameters (cutoff or PME) was consequently, their replacement in thelPrP model does

performed before the trajectory was used for analysis. The NOt require major structural adjustments of the neighboring
analyzed trajectories were taken from constant volume residues. Only 4 of the 17 changes involve residues whose

simulations (NTV) which had periods of 20 ps constant Side chains are buried: Trp14Syr (helix A), GIn168~Glu
pressure simulations (NPT) every 80 ps of NTV simulation. (urn C), and lle203-Val and lle205~Met (both helix C).
These NPT periods were included to compensate for anyBut apart from lle205-Met, all changes are to residues with
possible volume change due to major conformational changesSmaller side chains. Additionally, most of the changes are
However, no major volume change occurred during these 0 residues with similar properties (polar, hydrophobic), so
NPT simulation periods. that the overall properties of the protein are not changed
The calculations were carried out on SGI Power-Challenge Much. Most of the changes involving charged side chains
(SGI-PC) and on Fuijitsu VPP300 (VPP) supercomputers. Onare on helix C or at the C-terminus and are well exposed.
the VPP platform an optimized version of the SANDER  To refine the conformations of the side chains, a 60 ps
module was used, which improved the simulation time from long MD simulation was carried out on the homology model
0.88 s/step to 0.62 s/step for a cutoff simulation with 17 540 with the backbone conformation restrained to its energy-
atoms (5104 water molecules) and from 2.93 s/step to 1.37minimized starting position, resulting in a RMS deviation
s/step for the corresponding PME simulation. The corre- from the NMR structure of 2.1 A. Despite the high RMSD,
sponding times on the SGI-PC (R10000, 194 MHz) are 1.20 the secondary structure elements in the homology model are
s/step (cutoff) and 2.71 s/step (PME). the same as in the NMR structure, but with slightly different
Trajectory AnalysisNMR experiments oiSHPrP revealed  length: NMR structure with 37.3%oa-helical, 2.1%
a highly flexible N-terminal part with only the C-terminal  3i5-helical, 2.8% ins-strand, and 16.9% in H-bonded turns;
part having a defined secondary structure. Therefore, all theHuPrP model with 31.9%-helical, 7.8% 3q-helical, 4.3%
root-mean-square deviation (RMSD) analysis of the structurein g-strand, and 15.6% in H-bonded turns. The only
has been calculated not only for the complete model (P+P90 significant difference between ti&PrP NMR structure and
230) but also for theflexible part (PrP96-126) and the the HUPrP model is in the number of salt bridges found. In
structured part (PrP127227) separately. Analysis of addition to the salt bridge Asp1¥8Arg164 between helix
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Ficure 3: Root-mean-square deviation (RMSD) of the backbone atom positions, from their starting positions as a function of time, for
simulations of theHuPrP model with different treatments of the electrostatic interactions. CutOff: using the cutoff method with a value of
8 A. PME: using the particle mesh Ewald summation method. The RMSD is shown in both cases for all different salt ion models, CI (thin
line), Na (thick line), and Ca (gray line), and for the whole model PrRP{80) as a solid line and for thetructuredpart of the protein
PrP(127227) as a dotted line.

B and strand B, which is present also in the NMR structure  Explicit salt ions have been reported to increase the
of SHPrP, two more salt bridges were found in tHePrP stability of proteins in MD simulations using the cutoff
model: Glul146>Arg208 between helix A and helix C and method 42, 52). Hence, a simulation was carried out on the
Glu196->Arg156 between turn D and the end of the helix HuPrP model with 13 Cl and 12 N4 ions (HuPrP—Na),

A, both resulting from small conformational changes in the corresponding to a solution concentrationdf10 mM NacCl.
corresponding regions. By comparison, the NMR structure Even though the protein displays a slightly higher stability
of MoPrP @6) shows two of the three salt bridges, than in the previousiuPrP—CI simulation, the RMSD of
Aspl78>Argl64 and Glul96-Arg156. The refined struc-  the backbone atoms for just teucturedpart of the protein
ture was then used as the starting conformation for all the reaches a valuefat A after 500 ps. Secondary structure
MD simulations. analysis reveals the same decrease-hrelical content as in

MD Simulations Cutoff Method To analyze the structural ~ the HUPrP—CI simulation (21.8%u-helical structure con-
and dynamical behavior of tHéuPrP model, several series  tent), with helix A slightly more stable but with helix C
of MD simulations were carried out. In the first series, the nearly disappearing again.
time-saving cutoff method was used to calculate the elec- The initial conformation for these simulations has eight
trostatic interactions. The first simulation of this series was Asp/Glu side chains forming 4 pairs of Asp/Glu residues on
performed with a model in whictHuPrP was neutralized  the surface of the protein. Addition of N@ounterions near
with just one Cf ion (HuPrP—CI). As can be seen in Figure  their negatively charged side chains resulted in four pkrs
3, this simulation showed high instability of the protein at distances less than 4 A. During tHePrP—Na simulation
model, resulting in a very large RMS deviation of the most of these Naions diffuse into the solvent, leaving pairs
backbone atoms of up to 10.0 A from their starting positions. of negatively charged side chains unbalanced. As this might
Even considering only thstructuredpart of PrP, a RMSD  contribute to the instability of the protein, theseNan pairs
of more tha 5 A is calculated. Analysis of the secondary were replaced by single €aions to bridge between the two
structure by the DSSP method, shown graphically for the Asp/Glu side chains. These €amediated salt bridges
first 700 ps in Figure 4 HuPrP-Cl—cutoff) and as the involve Aspl44>Aspl47 on the surface of helix A,
average structure content in Table 1, gives the same pictureAspl167>Glul68 close to turn C, Glu196Asp202 between
of an unstable trajectory for this simulation. Helix A and, turn D and helix C, and Glu26#Glu211 on the surface of
especially, helix C nearly disappear, and thehelical helix C. However, simulation of this Ga ion model
structure content decreases to 20.9%. Most ofuthelical (HuPrP—Ca) shows that although the €aions remain
structure shifts to ajghelical form, increasing the corre- within a salt-bridge distance to the Asp/Glu side chains
sponding content to 13.1%. Tlsestrand content, on the other throughout the simulation, the protein has an even lower
hand, remains at 3.6%, near its starting value (see Table 1)stability than in the previou$iuPrP—Cl and HuPrP—Na
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Ficure 4: Secondary structure as a function of simulation time for different modelsodtalix is shown in dark green boxes, thg 3
helix in light green boxes, thg-strand in red boxes, and the H-bond turn as gray dots. The secondary structure bar at the side is from
SHPrP(906-231) R9).

simulations. The RMSD of backbone atoms of streictured stable helices A and C than in the cutoff simulations. The
part (see Table 1 and Figure 3) exced&dA after 500 ps, content ofa-helical structure remains within the range 28.7
and thea-helical content decreases to only 11.3%. A notable 34.9%, close to its starting value of 31.9%, as does the
feature of all three simulations (Cl, Na, and Ca) is that the j-strand content at 3-43.5%.

content of the3-strand remains at its initial value ef3%. To see if the sensitivity of the model with respect to the
It seems that the instability affects mainyhelical struc- treatment of the electrostatic interactions is dependent on
tures. the HUPrP structure being an homology model, simulations

MD Simulations PME Method Simulations of DNA and of the SHPrP NMR structuregHPrP—Na, with 12 CI and 9
RNA highlighted the importance of the correct treatment of Na' ions) were carried out using both the cutoff and PME
long-range electrostatic interactions for stability of the DNA/ methods. RMSD values (Table 1) and secondary structure
RNA structure 45, 48, 49). In SANDER, the treatment of  analysis (Figure 3) show similar behavior as in case of the
long-range electrostatic interactions is implemented by the HUPrP model. Simulation with the cutoff method shows a
particle mesh Ewald (PME) method3). Simulations of all RMSD of thestructuredbackbone atoms of 4.3 A, a decrease
three counterion models ¢duPrP using the PME method  of the a-helical content to 18.5%, and a complete decay of
instead of the cutoff method were carried out. All these thep-structure. On the other hand, simulation with the PME
simulations showed high stability of the PrP model, with method gives a more stable trajectory, with a RMSD of 3.0
RMSDs of thestructuredbackbone atoms between 2.0 and A, slightly higher than the corresponding value for HePrP
2.3 A. Secondary structure analysis, shown graphically in model, but with similar secondary structure content, 35.1%
Figure 4 for all three PME simulations, shows much more for a-helical and 2.9% fop3-strand.
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Ficure 5: Secondary structure per residue averaged over the complete simulatitufrBf-PME. The per residue percentage of secondary
structure defined by the DSSP method is shown for the different counterion models: CI (thin line), Na (thick line), and Ca (gray line). The
secondary structure bar at the top is fr@HPrP(96-231) R9) (solid for a-helices, shaded fof-sheets, and stippled for the flexible
region).

Further analysis of all the cutoff simulations indicated that Table 2: Positions of Secondary Structure Elements for the

these systems showed an increased temperature. AlthougMoPrP(121-231) @6) and SIPrP(96-231) 29) NMR Structures

the bath temperature was set to 300 K, the average temper_and for the MD Simulation Structures Using the PME Method

ature of the system increased to 31316 K for the protein MoPrpP StPrpP HuPrP
and 341-361 K for the solvent (see Table 1). In contrast, NMR NMR Na Cl Na Ca
simulations of all the PrP models using the PME method (26) (29 PME PME  PME  PME

gave a more stable temperature, with the average temperag, 128-131 129-131 129-130 129-131 129-131 129-130
tures for protein and solvent remaining close to the bath fs 161-164 161-163 162-163 161-163 161-163 162-163
temperature of 300 K (see Table 1). Short test simulations aa 144-154 144-154 144-151 148-152 144-152 144-152
of about 200 ps (data not shown) showed tha, in the casets 1787153 172458 17684 180192 1re-iss 1rss
of a cutoff simulation, using a tighter temperature coupling ., 222-226 213-227 214-221
could lower the temperature of the system but led to
structures as unstable as in the initial cutoff simulations. be shortened, mostly due to shift ta-Bielical conformation.
Similar short simulations with the PME method at a higher TheHuPrP—Na model shows more staldkehelical structure.
temperature (320 K), however, did not show a less stableIn comparison with the refined NMR structure 8fPrP-
structure than at 300 K. It has been suggested that the PME90—-231), helix A is shorter by two residues at its C-terminal
method introduces artificial periodicity into the syste®)( end and helix B is shorter by six residues at its N-terminal
thus increasing the stability of the most compact conforma- end. Helix C not only is shortened by six residues at its
tion of DNA or proteins 68). For simulations with théluPrP C-terminal end but also has two residues (GIn212 and
models, the radii of gyration, shown in Table 1 as average Met213) which are~40% of the time in H-bonded turn
values, are slightlyreduced by 0.3-1.7 A, if the PME conformation, thus tending to split helix C. The simulation
method is used. On the other hand, for simulations with the with the HuPrP—Ca model shows helix B only one residue
SHPrP structure, the radius of gyrationinsreasedrom 17.1 shorter than the NMR structure and helix A with the same
to 17.8 A if the PME method is used. The corresponding length as in theHuPrP—Na model, but with an even more
average value for th8HPrP NMR structured7) is 17.2 A. developed split of helix C (70% of the simulation time). The
Secondary Structure of HuPrP Model§he secondary  refined NMR structure oMoPrP(121-231) also shows a
structure analysis, shown graphically in Figure 4 and as split of helix C, but the split occurs at 22@21 and includes
percentage occurrence averaged over the simulation time as sharper bend than in th¢uPrP models. Th@-strands in
a function of residue number in Figure 5, reveals that, while all structures, both NMR and MD models, are of similar
the S-strand conformations have a similar extent in all three length, although in the MD simulations they have a tendency
HuPrP models using the PME method, tladnelical struc- to be even shorter, more typical of the NMR structure of
tures differ significantly. Table 2 shows the lengths of SHPrP than ofMoPrP. Even thouglx-helical structures are
secondary structure elements in the NMR structures of different between the NMR structures and the homology
SHPrP(96-231) R9) andMoPrP(121-231) 26) and in the model, the overall structures are similar and differ only in
simulations of theSHPrP andHuPrP models. ThéluPrP— the flexible regions of the PrP, including turns C, B, and D,
Cl model, with only one Clion, shows all thex-helices to as shown in Figure 6.
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MoPrP-NMR

ShPrP-NMR

Ficure 6: Stereoview of the averaged structure of HiePrP-~PME—Na simulation in green, superimposed with the NMR structures of
MoPrP @6) in cyan andSHrP @9) in yellow. All structures are shown with their corresponding secondary structures.
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FiGURE 7: Standard deviations (SD) of the backbone torsion anglesidy, and for the first side chain torsion angjg, (except for Gly
and Ala residues), from the simulationstdfiPrP-PME. The SDs are shown for all counterion models: CI (thin line), Na (thick line), and
Ca (gray line). The secondary structure bar at the top is BdRTP(906-231) Q9) (solid for a-helices, shaded fg-sheets, and stippled
for the flexible region).

Flexibility of HuPrP Models The flexibility of the protein structured part, with SDs fop and ¢ less than 15 The
backbone was analyzed by calculating the standard deviationgegion around Tyr169 in turn C, and around Phe198 in turn
(SD) for the two backbone torsion anglgsand¢, as shown D, shows higher backbone flexibility, with SD values
in Figure 7 for theHuPrP models. The differences in between 25 and 60. Another flexible region within the

flexibility between the different salt ion models &fuPrP structured part can be seen between 1le138 and Ser143 in
using the PME method are less pronounced than indicatedturn A just before helix A. The region in turn B, between
by the secondary structure analysis. TH&PrP—Cl model helix A and strand B, also shows slightly elevated SD values.

shows only slightly increased flexibility in the backbone Figure 7 also clearly identifies the N-terminal patPrP-
torsion angles for the wholgructuredpart, PrP(127#227). (90—126), as highly flexible, with SD values greater than
All ionic models show low flexibility for most of the  30°. However, within this region, a small patch (from Ser97
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FiGure 8: Secondary structure per residue averaged over the complete simulation and standard deviation (SD) of the backbone torsion
angles,¢ andy, for the SHPrP-PME—Na (thick line) simulation and for the NMR structure (gray line), calculated from the 25 NMR
conformations in PDB 1B10. The secondary structure bar at the top isSt&mP(90-231) R9) (solid for a-helices, shaded fg#-sheets,

and stippled for the flexible region).

to Asnl08) can be identified with somewhat reduced
flexibility. This does not show any secondary structure but
includes two proline residues which restrict the flexibility.
A short region (113-116) ofo-helical conformation formed
for 25% of the simulation is apparent only in thIPrP—

Na model. Analysis of the first side chain torsion angfe,

PrP structures in simulations where the cutoff method is used.
If the PME method is used for the electrostatic interactions,
the salt ions seem to have a stabilizing effect on the trajectory
of HUPrP. As also reported for the simulation ofARK1

PH domain §4), salt ions initially placed on the surface of
the protein move into the solvent. Clons, in particular,

also shown in Figure 7, shows no clear pattern either amongshow only minor interactions with the protein, tending to

the different ionic models or between tls¢&ructuredand
flexible parts.
ShPrP Model The SHPrP model starting from the NMR

stay in the solvent. The diffusion coefficient®)(for CI~
ions in theHuPrP—Na andHuPrP—Ca models are higher
than the experimental value (see Table 2). In the case of

structure showed the same sensitivity to the correct treatmentHuPrP—ClI, the value forD¢; is derived from only one ClI
of the electrostatic interactions (see Figure 4). Although the ion and is, therefore, not reliable. The N#ons in the

simulation with the PME method showed a more stable

HuPrP—Na model show some interaction with the protein,

trajectory, detailed analysis of the secondary structure revealgesulting in a diffusion coefficient lower than the experi-

a less stable secondary structure than forHbBrP model.
As shown in Figures 4 and 8, helix C splits totally and forms
two separaten-helical structures (see Table 2), withe3
helical conformation in between. Helices A and B show
similar lengths as in theluPrP model, as do thg-strands.

mental value. In case of thduPrP—Ca simulation, some
Na' ions are replaced by €aions, resulting in increased
Dna and decreaseDc, values, compared with their experi-
mental values. The Caions are actually not moving into
the solvent at all. They remain close to their starting

The SD analysis of the backbone torsion angles indicatespositions, making salt bridges between two Asp/Glu side

similar flexibility in turns A—D as in theHuPrP model. It
also shows higher flexibility of the region just after strand
A. The flexible N-terminal part shows high flexibility with
intermittent appearance of-helical structure in the region
115-118 for SHPrP—Na. The 25 NMR structures @HPrP
show flexibility in the turn regions as for the simulations,
but with different magnitudes. Turns A and C show greater
flexibility in the NMR structure, whereas turn D shows
greater flexibility in the simulations.

Salt lons in HUPrP Modelin contrast to reports on other

chains throughout the whole simulation time but rarely
exceeding a coordination number of 2 with the protein. As
C&" ions usually have a coordination number between 4
and 7 in Ca-binding protein§9), the C&" sites in theHuPrP
model cannot be considered as real Ca-binding sites. MD
simulations showed that divalent cations such as*Mg
influence the structure of DNA differently than monovalent
cations such as Na(70, 71), leading to different bending

of the DNA structure. However, it appears that?*C#ons

do not influence the structural behavior of tHePrP model

systems 42), salt ions are not able to generate more stable differently from Na ions. The sites where €aions are
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Table 3: Salt Bridges from Simulations 8fPrP andHuPrP, With an occupancy of 75%. The_Of_"Y pOtential salt bridges
Shown as Percentage Occupancy during the Whole Simuation |nVO|V|ng a pOSSIbIe protonated histidine residue are between

His140 and Aspl144 or Aspl47. In the simulation with the

SHPrP HuPrP . - ;
, HuPrP—Ca model, only the salt bridge with Aspl47 is
salt bridges Na ¢l Na - Ca detectable, bridging turn A and helix A. The remaining salt
negative>positive PME NMR® PME PME PME _ » raging ; : . 9
_ bridges found in the analysis are less occupied and involve
Aspldd (a)—Hisld0 @) - 8.9 384 230 mostly neighboring residues (e.g+4 in an a-helical
Aspl44 ()<Argl48 @) 83.3 53 239 387 I .
ASp144 f1a)<Arg208 (1) 96.0 structure). They are, therefore, not contributing to the stability
Glu146 @a)<Lys204 @) 52.0 8.6 of PrP. The differences between the salt ion models with
Glu146 (a)Arg208 (ac) 16.0 100.0 100.0 100.0  respect to the salt bridges are not easy to generalize.

Aspl47 @a)<-Argl5l (@a) 384 76.0 993 119 155 ; :
ASDLAT (1)-His140 ¢x) 745 520 405 377 929 Sometimes reduced occupancy of a salt bridge can be

Asp178 fis)-Argl64 ) 99.9 120 734 974 967 exp_lained by_a_ counterion blocking one of the charged
Glul96 (p)<—Argl56 a) 98.0 20.0 961 99.4 480  residues, but it is not generally the case.
Asp202 (c)—~Arg156 (@a) 74.9 13 Hydrogen Bond NetworkAnalysis of the H-bond net-
Glu2ll pc)~Hisl77@e) 3.3 160 01 56 283  yorks, shown in Table 4 for hydrogen bonds involving side
3The secondary structure elements, corresponding to the NMR chains and occurring for more than 30% of the simulation
e o ot = S i . g 3 me i one of the moclels, reveals that some ofthe dominan
FFI in humansP Calculated from the 25 conformations in PDé 1Blb H'bonds, (OCCUpan_Cy abpve 99% 'n_ at l,eaSt one of the
(29). models) involve neighboring residuesdrhelical structures
or at their end (marked in Table 4 with:4), such as the
located throughout the simulation are usually occupied by H-bond between Thr183'®-Cys197 O in helix B, occupied
Na* ions in theHuPrP—Na simulation. One of these sites 100% in allHuPrP models, or Ser143<xGlul46 O in helix
with a strong ior-protein interaction is at Glu207 and A. All thesea+4 H-bonds are highly occupied and involve
Glu211, which is close to the site where in both ionic models, one backbone atom. The remaining highly occupied H-bonds
HuPrP—Na andHuPrP-Ca, the split in helix C occurs. can be classified into three different categories of interac-
The other strong interaction sites, Asp}#Aspl4?, tions: one between th&strand region and helix B (Tyr162
Aspl67%>Glu168, and Glu196-Asp202, do not seem to have N<Thrl83 O and Arg164 N<>Asp178.0) marked in Table
such an influence on the structureldtiPrP. 4 with f—agc; the second between the region of turn A,
Salt BridgesAs salt bridges are suggested to increase the helix A, and turn B, and helix C and turn @{—ac: Tyrl49
stability of proteins, a detailed analysis has been made for O’<>Asp202.0 and Tyr157 @<Asp202 O); and the last
the simulations. This analysis includes also histidine residues,within the region of turn A, helix A, and turn Bxg: Arg136
for which the (K, value can be increased by proximity to N”7<>Asn159 O and Tyr150 O). Some of these H-bonds
negatively charged groups. At pH 7 or lower, such histidines involve residues for which mutation is known to be associ-
are able to be protonated and, thus, are able to participate irated with disease in humans, but some of these substitutions
salt bridges. The simulation models were generated in aare to residues which are also able to make H-bonds
protonation state corresponding to a pH value of 7. Thus, in (Asp202—~Asn,  Asnl7i-Ser, His187-Arg, and
the simulations, all the histidine residues are in the neutral Arg208—His). Other known mutations such as GIn2iRro
unprotonated form, but analysis of th&values during the  would affect the secondary structure more than the H-bond
simulation (with TITRA) indicates that His140 and His177 network. Thr183 is the only residue in the H-bond network
have increasediy values from 6.5 to 7.4. So, these histidines shown in Table 4 for which mutation would lead to a residue
would sometimes during the simulations be more likely to unable to contribute to an H-bond. This would affect an
be protonated. interaction between strand B and helix B and an interaction
Some highly occupied salt bridges were identified by within helix B.
analysis of the simulations (see Table 3). The most occupied
salt bridge is that between Glul46 and Arg208, which is DISCUSSION
occupied 100% in all simulations of théuPrP model and As most residue changes are on exposed areas of the
96% for theSHPrP model. Not only is this a bridge between protein surface, the structure of the homology model of
two sequence-distant residues, bridging helix A to helix C, human PrPKIUuPrP) is similar to the NMR structure &PrP.
but it also involves a residue, Arg208, for which a mutation The MD simulations showed similar dynamics behavior
is known to be associated with CJD in huma8s Another stability of secondary structure and flexibility of N-terminal
dominant salt bridge could be identified between turn B and parts and turnsfor SHPrP andHuUPrP. In addition, both
the turn D region, Arg156-Glu196, occupied 4899% in showed similar high sensitivity to correct treatment of the
all simulations. A third salt bridge which might contribute electrostatic interactions. In both cases, inclusion of all long-
to the stabilization of PrP was found between Argl164 and range electrostatic interactions in the simulation, using the
Aspl178, linking the end of strand B and helix B and occupied PME method, was necessary to generate stable trajectories
74—99% of the time. Mutation of Asp178 to Asn is known and structures for PrP. This sensitivity of the PrP model to
to cause CJD or FFI in humans, depending on the polymor- the correct treatment of the electrostatic interactions may arise
phism at position 1293). Another salt bridge involving a  from the large number of charged or potentially charged
residue (Asp202) for which mutation is known to be residues on the surface of the protein. The NMR structure
associated with GSS in humars3] is between Asp202 in  of SHPrP(90-231) has six Lys, eight Arg, six His, six Glu,
helix C and Argl56 in turn B. This salt bridge can be and three Asp on the surface. FbluPrP(96-230), the
detected only in the simulation with théuPrP—CI model, number of exposed Glu residues is increased by two,
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Table 4: Hydrogen Bonds Involving Side Chains and Occurring More than 40% of the Simulation Time in OneStiPtReandHuPrP
Models, Shown as Percentage Occupancy during the Whole Simadlation

% H-bond occupancy

ShPrP HuPrpP
H-bond Na Cl Na Ca
donor>acceptor PME NMR® PME PME PME
Met109 N=Thr107 O 65 47 29 29
Gly123 N=Tyrl28 O 83 5 67 18
Arg136 N'<=Tyr150 O (a) oA 99 99 89
Arg136 N'<>Met154 O (xa) o 90 4 4 2
Arg136 Ni<>Asn159 O (tg) oA 4 95 79 98
Serl43 N {a)<Glul46 O (o) ot4 13 80 89 91
Tyr149 O (aa)<>Asp202 O (o) oA—0c 81 20 66 51 1
Asn153 N (aa)<>Tyr149 O @) o4 90 96 99 99 94
Arg156 N (aa)<Glu196 O (tp) oa—0c 94 4 77 14
Ar9156 N (O.A)“’ASDZOZ O ((Xc) oa—0c 67
Tyr157 O (zg)<>Asp202 O (o) oa—0c 32 52 100 82
Tyrl57 O (TB)"’G|U196 o (‘L’D) aa—0c 82 13
Asn159 N (rg)<-Alal33 O oA 9 1 73
Tyrl62 N (BB)<->Thr183 o ((lB) ﬁ—ch 7 88 77 34 97
Thrl63 O (fs)<>Ser222 O (o) p—osc 70
Argl64 N/ (Tc)“’ASpl78 o ((XB) ﬁ—(lsc 99 4 24 89 90
Asnl71 N (zc)<>Glul68 O (r¢) +4 64 91 8
Thrl83 O (ag)~>Cys179 O (&) ot4 58 100 100 100
His187 N (ag)<>GIn160 O (s) p—osc 45
His187 N (ag)<>Met206 O (o) dsc 30 42
Thrl88 O (og)<>11e184 O (s) ot4 100 100 100 93
Thr191 O (as)<His187 O () a+4 100 94 45
Thr199 N ¢p)<>Asp202 O (ac) ot4 1 56 11 24 93
Arg208 N/ (0c)<>Glu146 O (aa) oaA—0c 59 92 98 99
GIn212 N (oc)~>Arg208 O (o) o4 2 4 29 45 38
Ser222 O (ac)<Tyr218 O (@) at4 74 99 82 97

@ The secondary structure elements, corresponding to the NMR struct8eid?(96-231) R9), are shown in parentheses. Underlined residues
are those for which mutation is associated with CJD, GSS, or FFI in huroasé.andt+4 mark H-bonds involving neighboring residues in
o-helical structures and in turns, respectivaly—o., f—agc, andosc denote H-bonds between secondary structure elements,aitibonds
within the corresponding structure elements (see text for detailed descript@alculated from the 25 conformations in PDB 1B2®)(

corresponding to mutations. During the simulation of the using the PME method. As reported for other systebd, (
HuPrP model the number of exposed charged residuessalt ion concentration affects the stability of trajectories in
changed slightly, to six Lys, six Arg, five His, four Glu, simulations using the PME method, even though most of
and four Asp, caused mainly by small conformational the salt ions are not interacting with the protein but are
changes in the regions of helix A and turn D, and turn C dispersed in the solvent. Secondary structures, in particular
and turn A, and leading to two additional salt bridges. Despite a-helical structures, show higher stability for simulations
a large total number of charged residues on the surface ofwith the ionic modeldHuPrP—Na andHuPrP—Ca, whereas
PrP, the N-terminal part of the PrP model,-226, does in the simulation with the minimum number of salt ions
not have any negatively charged residues but instead has fou(HuPrP—CI), helices A and C break up significantly.
Lys and two His residues. Helix A (144152), on the other  Introduction of C&" divalent cations into the system appears
hand, has a highly charged surface with Asp144, Glu146, neither to increase distortion nor to make the structure more
Aspl47, Arg148, Arg151, and Glul52. His155 and Arg156 stable. The four sites of strong iefrotein interaction, for

on the nearby turn B increase the local charge potential. In which the two negatively charged residues in close proximity
contrast, the most conserved sequence region among all PrPsyere the original reason for introducing the?Caons, are
PrP(113-127), has no charged or polar residues. Taken occupied in both models by corresponding cations throughout
together, this makes PrP a protein which has different regionsthe simulation. Only one of these sites, at Glu211, might
with distinctively different electrostatic properties. have an effect on the structure, as in both modéifrP—

The AMBER94 force field §7) is based on charges from Na andHuPrP-Ca, helix C shows a split at the nearby
ab initio calculations in gas phase, leading to partial chargesGIn212 and Met213 residues. Interestingly, mutation of
which are generally higher than those from other force fields. GIn212 into Pro, which might disturb the-helical structure,
Consequently, in simulations of highly charged systems, suchis also known to be associated with GSS in humé8}. (
as DNA and RNA 48) or proteins such as PrP, with the On the other hand, while the NMR structureMdPrP (121
AMBER force field, a correct treatment of the electrostatic 231) also shows a split of helix C, this is at position 220
interactions appears to be even more necessary to get stabl@21 26). The MD simulations generally show shortened
trajectories. Using a truncation method for the electrostatic a-helical structure compared with the NMR structures and
interactions introduces artificial forces and leads to unstable might, therefore, still represent somewhat deficient PrP
trajectories. These artificial forces are reflected in an increasemodels.
in the system temperature, which in itself is not responsible  HuPrP has one disulfide bridge between helix B and helix
for the instability, as shown by the test simulation at 320 K C, which stabilizes the three-dimensional structure of the
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Helix-A

Helix-A

Ficure 9: Stereoview of the average structure dPrP from theHuPrP—Na simulation using the PME method for the electrostatic
interactions. The structure, including only tHePrP from Lys104 to Ser230, is shown as a coil of thetface, where the thickness of the
coil represents the fluctuation of thexGtoms. The thicker the coil, the more flexible the structure in the simulation. Helical regions are
in green and th¢-strand region is in red. Also shown are the disulfide bridge (CysIA&214, SS) in yellow and the three major salt
bridges, Glu146-Arg208 (SB-1), Arg164-Asp178 (SB-2), and Arg156Glul96 (SB-3), in blue. The picture was generated using MOLMOL
(66) and POVRAY (http://www.povray.org).

protein. In addition, three highly occupied salt bridges have residues involved in the three salt bridges are highly
been identified in the simulations of thduPrP andSHPrP conserved in mammalian and marsupial PrPs, no diseases
models, one between helix A and helix C (Glul46/ are known so far in these species, other than humaf)s (
Aspl44--Arg208), one between strand B (Arg164) and helix which involve a mutation of one of these residues. The
B (Aspl178), and one between turn B (Arg156) and turn D chicken PrP has an amino acid sequence which might allow
(Glu196). Figure 9 shows these three salt bridges mappedequivalent salt bridges between ¥5802 and 164>178 but
onto the average backbone structure of tHePrP—Na not between 146208 and 156>196. The H-bond network,
model. Two of these salt bridges include residues for which on the other hand, does not seem to have such a stabilizing
mutation is associated with CJD or FFI in humans, effect on the tertiary structure of PrP, as no major H-bonds
Arg208—His and Aspl78-Asn (3). Loss of these salt could be identified which involve residues for which muta-
bridges may loosen the structure of PrP and facilitate a tion is associated with disease in humans.

conformational change to the protease-resistantRibh- PrP, in its physiological role, cycles between the cell
formation. These salt bridges fix the distance between the membrane and endosomic particlé 9), presenting dif-
stable mairstructuredcore of HUPrP, helix B and helix C,  ferent electrostatic environments (different pHs) to PrP. The
to the more flexiblestructuredpart, helix A and strands A HuPrP models were simulated in a protonation state corre-
and B. The distance between these two regions is furthersponding to a pH value of 7, which is similar to an
constrained by H-bonds, such as Tyr157<€Asp202 O extracellular environment. Both NMR structur&pPrP and
and Tyrl62 N>Thrl83 O. The latter H-bond involves  MoPrP, were determined at pH values lower tharsiPfP
Thr183, for which mutation into Ala is associated with at pH 5.2 29) andMoPrP at 4.523)] and even lower than
disease in human8). However, this mutation also prevents the environment in endosomic particles [pH-6&3 (75)].
N-glycosylation at Asn181 leading to intracellular accumula- These different pH values may be the underlying reason for
tion of PrP {2, 73). Mutation of Asp202>Asn is also known the differences in the salt bridge structure between the NMR
to be disease-associatedB), but the Asn residue retains its  experiments (with one salt bridge f&PrP and two salt
H-bond ability. The third highly occupied salt bridge, bridges forMoPrP) and the simulations (three salt bridges).
Arg156-Glul96, involves two more flexible turn regions. In addition, the disease-associated form of PrP {®rP
One of the two residues, Arg156, is at the end ofgh@lical accumulates in late endosomes or lysosomes, which have
region, which forms a C-terminal extension of helix A. In an even more acidic environment (p+4). Differences in
summary, it appears that for PrP the electrostatic interactions,salt bridge structure at different pH values or different
in general, and the salt bridges, in particular, play an environments might, therefore, have physiological relevance
important role. The fact that the simulation stability of PrP for PrP not only during normal recycling but also during
is strongly dependent on correct treatment of the electrostaticabnormal disease-associated recycling or accumulation.
interactions is internally consistent with the fact that the  Several studies have been published on the guanidinium
highly occupied salt bridges found in the simulations involve hydrochloride (Gdn-HCI) or temperature-induced unfolding
residues for which mutations are known to be associated withof PrPs {6—84). Even though the results vary somewhat
disease in humans and for which such mutation would for the number of folding transition states, they all agree
prevent formation of two of the salt bridges. While the that alow pH value increases the instability or the unfolding
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properties. At a pH value lower than 6, human P8R, 83),
mouse PrP&2), and hamster PrRB() show a greater rate

of Gdn-HCI induced unfolding and, additionally, show
transition states with a high content@theet structure. Also,
mutation of amino acids involved in salt bridges we found
showed a decreased PrP stability, leading to an increased
free energy of unfoldingAAG°« ¢ (Mmutant— wild type) of
7.2—8.0 kd/mol for the Asp178Asn mutation and of 6.0
kJ/mol for the Arg208-Lys mutation 84). These findings
are all consistent with our suggestion that salt bridges are
involved in the stabilization of PrP and that elimination of
such salt bridges, due to protonation of the acidic amino acids
at low pH or by mutation of relevant amino acids, decreases
the stability of PrP.

The NMR studies of PrP showed that most of the PrP
structure is highly flexible and, hence, no structural assign-
ment could be made for these regions. Although3herP
NMR experiments revealed some interaction of the highly
conservechydrophobicpart (PrP112131) with thestruc-
tured part of PrP, no structure could be assign2g).(The
simulations, on the other hand, indicated some tendency of
this hydrophobicpart before strand A to form am-helical
or, at least, g-helical conformation. Although this result
agrees to some extent with some of the NMR experiments
showing a weak @ shift corresponding ta-helical con-
formation @5), the helical conformation is dynamically
unstable, occurring only up to 40% of the simulation time
in the case of th&HPrP—Na model, and clarification of this
issue would require additional investigations by MD simula-
tions.

In summary, it has been shown that for a protein, such as
PrP, with a large number of charged residues on the surface,
MD simulations need to include correct treatment of the
electrostatic interactions. Salt ions appear to have an ad-
ditional stabilizing effect, especially fax-helical structure,
but divalent cations produce no further stabilization advan-
tage. From the MD simulations offuPrP three highly
occupied salt bridges could be identified, which seem to be
important for the stability of PrP. Mutations of residues
involved in some of these salt bridges are known to be
associated with diseases in humans.
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