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Abstract The nature of the factors leading to the conversion of
the cellular prion protein (PrPC) into its amyloidogenic isoform
(PrPSc) is still matter of debate in the field of structural biology.
The NMR structures of non-mammalian PrPC (non-mPrP) from
frog, chicken and turtle [Calzolai, L., Lysek, D.A., Perez, D.R.,
Guntert, P. and Wuthrich, K. (2005) Prion protein NMR struc-
tures of chickens, turtles, and frogs. Proc. Natl. Acad. Sci. USA
102, 651–655] have provided some new and valuable information
on the scaffolding elements that preserve the PrPC folding, de-
spite their low sequence identity with the mammalian prions
(mPrP). The present molecular dynamics study of non-mPrPC

focuses on the hydration properties of these proteins in compar-
ison with the mammalian ones. The data reveal new insights in
the PrP hydration and focus on the implications for PrPC folding
stability and its propensity for interactions. In addition, for the
first time, a role in disfavoring the PrPC aggregation is suggested
for a conserved b-bulge which is stabilized by the local hydration.
� 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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1. Introduction

The cellular prion protein (PrPC) is a monomeric glycopro-

tein (�210aa in the mature form) composed of a flexible N-

terminal region and a globular C-terminal domain of three

a-helices (H1, H2 and H3) and a short double stranded anti-

parallel b-sheet (b1 and b2). As yet the PrPC function(s) is(are)

not known [1]. Extracellular deposition of insoluble PrP amy-

loid fibrils apparently occurs at the onset of transmissible

spongiform encephalopathy (TSE), a group of fatal neurolog-

ical disorders also known as ‘‘prion diseases’’ [2,3].
Abbreviations: MD, molecular dynamics; MDHS, molecular dynamics
hydration sites; PrP, prion protein; PrPC, cellular PrP; PrPSc, scrapie
PrP; huPrP, human PrP; shPrP, sheep PrP; chPrP, chicken PrP; tPrP,
turtle PrP; xlPrP, frog PrP; mPrP, mammalian PrP; RMSD, root mean
square deviation
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It is now established that the normal (cellular) form of

prion (PrPC) converts into an amyloidogenic isoform (PrPSc)

with structural differences [4] that favor its ready aggregation

to amyloid fibrils [5–7]. However the structural pathway from

PrPC to PrPSc, and the molecular basis of the subsequent fi-

brils formation, are poorly understood [8–10]. One factor that

is important in the process is the nature of the prion’s hydra-

tion and its role in the stability of PrP. As elegantly showed

by Fernandez et al., amyloidogenic proteins and especially

PrPC have a large number of defectively wrapped hydrogen

bonds [11–14]. These backbone hydrogen bonds are poorly

protected against water interaction by flanking hydrophobic

residues.

High-pressure calorimetry studies have revealed that altera-

tions in the PrP hydration occur by passing from PrPC to PrPSc

[15]. Interestingly, solvent environment has been showed to

tune the amyloidogenesis of insulin [16].

In a previous study, based on molecular dynamics (MD)

simulations, we pointed out the special hydration properties

at the surface of the human (huPrP) and sheep (shPrP) prions

[17]. The calculations characterized protein surfaces where

tightly bound waters (referred as to ‘‘sharp spots’’) evidently

add to the local structural stability. Equally the hydration

maps identified specific surfaces where main chain H-bonds

are surrounded by very mobile bulk-like water (referred as to

‘‘smooth spots’’). These regions might exhibit energetically

close alternative patterns of H-bonding effectively modulating

the local structural stability and thereby favoring unfolding

and aggregation events [17].

Recently, Calzolai et al. [18] have resolved the NMR struc-

tures of PrPs from chicken (chPrP), turtle (tPrP), and frog

(xlPrP). These three proteins share about 30% of sequence

identity with the better known mammalian PrPs (mPrPs),

which themselves form a conserved group of PrPs with about

90% of sequence identity. The newly resolved non-mammalian

prion structures show the general features of the PrPC-fold;

that includes a mobile disordered N-term tail and a globular

C-term domain. In particular the structural comparison shows

that in non-mPrPs the secondary structure elements are mod-

erately conserved, while the major structural variability is

found in the H1 packing and in some connecting loops (see

Supplementary Fig. 1). As result of a detailed analysis of the

sequences and the structural comparisons, scaffolding residues,

important for preserving the PrPC-fold, were identified.
blished by Elsevier B.V. All rights reserved.
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In the present study we have extended our analysis of mPrP

hydration to the three non-mammalian prions: chPrP, xlPrP

and tPrP. Taking advantage from data calculated for various

low sequence identity PrPs, our analysis points out signifi-

cantly conserved hydration patterns. The results are discussed

in terms of folding stability and propensity for protein–

protein interaction.
2. Methods

2.1. Molecular dynamics set-up
Several MD simulations in explicit solvent have been performed

on the C-term globular domains of different non-PrPs NMR struc-
tures: chPrP(126–242), xlPrP(125–226) and tPrP(119–225) (pdbcode:
1U3M, 1XU0 and 1U5L, respectively) [18]. As a reference for
mPrPs, the shPrP(125–230) X-ray crystal structure (pdbcode:
1UW3) [19] was selected. Throughout this paper the huPrP residue
numbering is adopted for mPrP (consistently with the 1UW3 crystal
structure). The MD trajectories were used for calculating the water
distribution around the proteins. All the simulations were performed
with the GROMACS [20] package by using GROMOS96 [21] force
field. A time step of 2 fs was used. The trajectories have been saved
every 250 steps (0.5 ps). The systems were simulated in an NPT
ensemble by keeping constant the temperature (300 K) and pressure
(1 atm); a weak coupling [22] to external heat and pressure baths
were applied with relaxation times of 0.1 ps and 1 ps, respectively.
The initial shortest distance between the protein and the box bound-
aries was 1.5 nm. The remaining box volume was filled with ex-
tended single point charge (SPCE) water model [23]. Bonds were
constrained by LINCS [24] algorithm. Non-bonded interactions were
accounted by using the particle mesh Ewald method (PME, grid
spacing 0.12 nm) [25] for the electrostatic contribution and cut-off
(14 Å) for Van der Waals contribution. The protonation states of
pH sensitive sidechains were as follows: Arg and Lys were positively
charged, Asp and Glu were negatively charged and His was neutral.
A system of neutral charge was achieved by adding Na+ ions. The
simulations have been carried out for a time of 10 ns. Root mean
square deviations (RMSDs) vs. time have been calculated on Ca-
atoms for all PrP structures with and without loops (see Supplemen-
tary Fig. 2). As can be seen from the plots, all the systems converge
to a plateau after about 2 ns. The subsequent stationary sampling
(�8 ns) has been considered sufficiently long for the purpose of
a hydration analysis. Further simulation details are summarized in
Table 1.

2.2. Water density function
Our hydration analysis is largely based on the solvent density map

[17,26,27] whose maxima are assumed to be the molecular dynamics
hydration sites (MDHS). The space surrounding the protein is di-
vided in two shells: the first describes the water around the protein
and comprises the region within a distance of 0.6 nm from the pro-
tein surface. The second shell extends from 0.6 nm to 0.8 nm from
the protein surface and represents the bulk solvent shell. The solvent
density calculation is grid based (step-size 0.05 nm). To avoid the
Table 1
Parameters of the simulations

shPrP chPrP

Structure pdbcode 1UW3 1U3M
Charge neutralizing ions 2 Na+ 1 Na+

Starting box size (Å) 64.3 · 63.9 · 81.3 74.5 · 74.
Water molecules 10489 11598

Energies (kJ/mol)
Protein–protein (total) �10292.79 �10561.4
Protein–protein (LJ) �3901.27 �4047.42
Protein–protein (El) �6391.52 �6514.05
Protein–solvent (total) �10372.21 �11603.6
noisiness produced by protein translation and rotation, for each
frame the atom coordinates are transformed by superimposing the
current model onto a reference one. The local maxima of the density
function (MDHS) are searched following the restrictions to be the
highest value in a radius of 0.14 nm with a minimum density of 1.7
times the value of bulk water. Subsequently, MDHS are classified
on the basis of the water residence time calculated through the time
autocorrelation function.
2.3. Time autocorrelation function and residence time
The time autocorrelation function P(s) [26] provides the probability

of finding the same water in the hydration site at two different times t,
t + s. The adopted formula is:

P ðsÞ ¼
X

t

dðW ðtÞ;W ðt þ sÞÞ

where the delta function d(W(t),W(t + s)) assigns 1 or 0 whether the
same water is (or is not) found in the hydration site at times t and
t + s. The P(s) curve is then fitted by a single exponential decay provid-
ing the residence time.
2.4. Calculation of the free energy of water binding
The free energy difference between two states a and b of the system is

calculated with the double-decoupling method [28]. This method di-
vides the binding process into two steps; as first, a water molecule is
transferred from the bulk solvent to the gas phase (no intermolecular
interactions); subsequently, it is relocated into the binding site where
it is allowed to optimize the native interactions. Both the contributions
are calculated with the slow growth method.

The derivate of the free energy with respect to the reaction coordi-
nate ‘‘k’’ (which is 0 in the state a and 1 in the state b) is computed
according to the formula:

dG
dk
¼ oHðp; q; kÞ

ok

� �
k

where H(p,q,k) is the classical Hamiltonian and p and q are the Carte-
sian coordinates and the conjugate momenta, respectively.
2.5. Linear hydration function
The linear hydration function (LHF) assigns a certain hydration

value to each residue of the protein. As first each MDHS is assigned
to the nearest residue. Then, the LHF is calculated according to the
formula:

LHFaa ¼ N
Xj6aaþ2

j¼aa�2

X
i

qi

di

 ,
SASAaa

!

where N is a normalization coefficient introduced to ensure an
adimensionality and a curve area of 1. The ‘‘j’’ sum indicates that plot
is drawn by means of a sliding window of five residues. The ‘‘i’’ sum is
computed over the hydration sites corresponding to the residue; ‘‘d’’ is
the distance from the nearest protein atom and ‘‘q’’ is the relative den-
sity of the hydration site. SASA is the surface accessibility of the res-
idue (POPS server [29]).
tPrP xlPrP

1U5L 1XU0
2 Na+ –

9 · 65.3 77.9 · 64.1 · 58.9 78.3 · 67.8 · 59.0
9286 9895

7 �9690.13 �9446.58
�3713.12 �3653.62
�5977.01 �5792.96

5 �10151.91 �10643.94
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3. Results and discussion

3.1. Structurally conserved waters in PrPs

The analysis of huPrP and shPrP hydration [17] showed a

good correlation between MDHS with high residence time

(>1 ns) and the crystallographically observed water molecules

that are conserved among the known X-ray structures. One

of these waters (W1) is of particular interest because it bridges

three protein regions belonging to different secondary struc-

tural elements (b1, b2 and H3). This water mediates the inter-

action between the amide of V161 (b2, huPrP numbering) and

the carbonyl of S132, thus stabilizing the b-bulge (bb1) that

follows the b1 (Fig. 1A) [17]; additionally it makes a H-bond

with the Q217(H3) sidechain (TSE sensitive [30]). Other resi-

dues also participate in the binding-site framework: the side-

chain of Q160 prevents the natural elongation of the b-sheet

by interacting with the carbonyl of G131 (b1, TSE sensitive

[31]), and preventing the extension of the b-sheet to the V161

peptide. Moreover R220 sidechain interacts with S132 OG sus-

taining the bulge promoted by the G131 (Fig. 1A).

Considerable sequence variations are observed in the non-

mPrPs in contrast to the closely conserved mPrPs. These vari-

ations, especially the ones on the protein surface, are likely to

influence the distribution and the character of the hydration

sites. In particular, the above described water binding site

(Fig. 1A) was expected to adopt a different framework in

non-mPrP since it is located next to the variable loops that

determine the H1 packing diversity. Notably, we found that

this water binding site is significantly conserved in all the

non-mPrPs (Fig. 1). Indeed, during the dynamic calculations,

the water molecule (W1) is seen to be trapped in the site where
Fig. 1. Close up view of the water-binding site in the performed MDs.
Interestingly, the water is conserved among non-mPrP. Remarkably,
despite the sequence differences, the water-mediated interaction
between sidechains of the residues following G131 (huPrP numbering)
and a residue from the H3, is preserved. This interaction evidently
contributes to the bulge stability. (A) shPrP, (B) chPrP, (C) xlPrP, (D)
tPrP.
it remains for the entire simulation. This conservation is singu-

lar since this is the only hydration site that is conserved among

mPrPs and non-mPrPs.

These data reinforce the idea that a bound water molecule in

this region is an important element in the PrPC-fold. Accord-

ing to the significant conservation among the PrPs, the hydra-

tion site should be considered an additional scaffolding

determinant for preserving the PrPC-fold [18]. We also suggest

(vide infra) a specific structural/functional role of the hydra-

tion site and the connected b-bulge bb1.

3.2. Role of bb1

The model of intermolecular b-sheet formation is believed to

be a widespread mechanism of protein aggregation [32]. Ana-

lyzing non-aggregating proteins, Richardson & Richardson

(R&R) [33] have identified natural structural features that in-

hibit the b-sheets edge-to-edge aggregation. In particular, they

propose that structural irregularities, such as a b-bulge pro-

moted by a glycine in the last position of the strand (see Sup-

plementary Fig. 3), have been ‘‘negatively designed’’ to lower

the edge strands propensity to engage intermolecular b-sheets.

Following the R&R rules [33], we suggest that bb1 has the

properties of such anti-aggregating elements.

There are several data supporting this idea. The glycine that

precedes and promotes the bulge (i.e., G131 in shPrP) is per-

fectly conserved among PrPs whereas the following residue is

variable; a similar structural pattern is also discussed by

R&R, i.e., in the b-propeller [33] (see Supplementary

Fig. 3A). It should be noted that, in PrPs, this sequence vari-

ability does not disrupt an interaction with a residue from

H3 that is essential for the bulge stability [17], i.e., S132-

R220 in shPrP or R139-E237 in chPrP (Table 2 and Fig. 1).

In addition, localized human pathological mutations like the

G131V [31,34] (Creutzfeldt–Jakob disease) and Q217R

[30,35] (Gerstmann–Sträussler syndrome) are known; these

mutations are likely to exert a disruptive influence on the bulge

(as shown by the Q217R MD simulation [17]).

Is the bb1 able to prevent PrPC forming an intermolecular

b-sheet? The average occurrence of protecting factors for

edge strands in non-aggregating proteins is 2.5 [33], hence

the b-bulge alone is unlikely to completely inhibit this kind

of interaction. In addition, the shPrP X-ray structure [19]

provides the experimental evidence that PrPC can have

edge-to-edge dimerization. In this structure, because of the

crystal packing contacts, a PrPC dimer with an intermolecular

four stranded b-sheet is observed (Fig. 2A). However, this

structure clarifies the bb1 role which is to limit the optimiza-

tion of the intermolecular b-sheet; the sheet is indeed forced

to adopt a marked twisting and only the two central intermo-

lecular H-bonds are well optimized (O� � �H distance of 2.02 Å

– black dot in Fig. 2A) whereas the two lateral H-bonds are

distorted because of the bulge hindrance (O� � �H distance of

3.48 Å – red dot in Fig. 2A). Consistent with these unfavor-

able factors the b-sheet structure has very large atomic dis-

placement parameters.

A different scenario is found when the dimer of the Q217R is

modeled (Fig. 2B). In this case, the bulge is stretched and the

b-sheet is elongated, allowing four intermolecular H-bonds to

optimize their geometry (O� � �H distances within 1.8 Å and

2.2 Å). The bulge flattening not only supplies new H-bonds

to the sheet, but also (Fig. 2B) seeds the extended conforma-

tions of the following residues which are prone to a further



Table 2
Main interactions in the W1 water binding site

mPrP chPrP tlPrP xlPrP

Water O V161 Am V168 Am V161 Am V161 Am
Water H Q217 Sc Q234 Sc Q217 Sc E221 Sc
Water H S132 Carb R139 Carb S132 Carb D132 Carb
bb1 Sc interactionsa S132 Sc-R220 Sc R139 Sc-E237 Sc S132 Sc-Q220 Sc D132 Sc-R224 Sc
Gly Carb partnerb Q160 Sc-G131 Carb R167 Sc-G138 Carb Q160 Sc-G131 Carb R160 Sc-G131 Carb

Abbreviations: amide ‘‘Am’’, SideChain ‘‘Sc’’, Carbonyl ‘‘Carb’’.
aInteraction that supports the bulge (see text).
bInteraction that prevents the b-sheet elongation (see text).

Fig. 2. Close up view of the intermolecular b-sheet in the crystal
structure of shPrP (pdbcode: 1UW3) and its Q217R mutant (MD
model [17]). (A) Ribbon representation of the shPrP(125–230) wild
type dimer. Ribbon colour codes: cyan and orange for the two
monomeric units, yellow for G131 and red for S132. The b-sheet
presents the following H-bond network: 3 intramolecular H-bonds per
each monomer (black dots), 2 optimized intermolecular H-bonds
(black dots), and 2 distorted intermolecular H-bond (red dots). The
W1 water is drawn for the cyan monomer (orange dots). The residues
following the bulge are marked with a black ellipse. (B) Ribbon
representation of the shPrP(125–230) Q217R dimer MD model [17].
Ribbon colour codes as in panel A. The dimer has been modelled from
the monomeric Q217R MD model by using the crystal symmetries.
Subsequently, an energy minimization procedure has been applied.
b-sheet H-bonds network: 5 intramolecular H-bonds per each mono-
mer (black dots) and 4 optimized intermolecular H-bonds (black dots).
The residues following the stretched bulge are (black ellipse) prone to
interact with the facing fragments and to produce an elongation of the
sheet.
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elongation of the sheet. Such regularity is evidently disrupted

by the action of the bulge (Fig. 2A).

Finally we want to stress the role of the conserved hydration

site in preserving bb1 structure. Consistent with the W1 stabi-

lizing role, it turns out that the average value of the calculated

free energy of binding is ��30 kJ mol�1 (calculated amongst

the four PrP structure analyzed), rather high for a single water

molecule. Moreover, shPrP simulations with the water
removed have shown that the bb1 is destabilized, with fluctu-

ations in the S132 position as large as 4 Å [17]. Overall, these

data clearly show the link between local hydration and struc-

tural stability of bb1.

Since the dimerization has been repeatedly proposed to be

the initial step in the PrP amyloidogenesis [36], it is important

to focus on factors, like the bb1, that exert an influence on it.

Our data show that this element is sensitive to the hydration

state of the protein. It is likely that perturbations in the hydra-

tion of the environment may induce this conformational pro-

tection to fail, thus effectively increasing the PrP propensity

to dimerization and aggregation.

3.3. Comparison of general hydration properties for mPrP and

non-mPrP

The most intriguing aspect of the mPrPs hydration [17] is

associated with protein surfaces (smooth spots) that are in con-

tact with water in fast exchange with the bulk solution. These

surfaces also show high entropy content for the solvent. These

regions, which are the H1 and the C-terminal turns of the H2

and H3, in mPrPs may be potential loci for the protein interac-

tions and aggregation (referred as L1, L2 and L3, respectively,

Fig. 3B) owing to their lower desolvation energy.

Notably, for each identified locus a specific antibody interac-

tion has been reported. The H2 C-term (L2) is the epitope of a

sheep prion-monoclonal antibody as observed in the crystal

structure [37], whereas another monoclonal antibody has

shown to bind the C-terminal part of helix H3 (L3) of shPrP

[38]. Consistent with the H1(L1) involvement in the PrP inter-

actions, an antibody, which affects the prion propagation, is

believed to target the b1-H1-b2 region [39].

When non-mPrPs are considered, it can be seen that the

smooth spots L2 and L3 are not totally conserved (Fig. 3B).

This is partially connected to the local differences in the se-

quence and structure. In particular the helix H2, that in huPrP

and shPrP presents an unusual C-term tetra-threonine seg-

ment, is shorter in the chPrP and tPrP and it is kinked in xlPrP

[18], whereas the H3 C-term segment is shorter in xlPrP and

tPrP than the mPrPs. In addition, low sequence conservation

is also found in the C-term turns of H2 and H3 compared to

the higher conservation of the H1.

A direct comparison of the linearized protein hydration

(LHF, Fig. 3B) identifies two PrP regions with a conserved

hydration profile: a shallow valley, which is relative to the con-

served smooth spots L1, and a huge peak corresponding to the

W1. The residual part of the LHF plot does not show any

common trends. Accordingly, H1 surface has conserved the

hydration pattern resulting in the only smooth spot which is

present in all the PrPs. This feature might have a functional



Fig. 3. PrPs hydration. (A) MDHS as water density maxima contoured at 2.5 times the bulk solvent density. Ribbon colour codes: shPrP cyan,
chPrP silver, xlPrP green and tPrP orange. W1 water site is indicated in red. The shPrP presents wide spread MDHS except for the smooth spots (L1,
L2 and L3). The chPrP hydration differs especially in the loop H2–H3, which appears poorly hydrated. This connecting loop, which is longer than in
all other PrPs, is extremely mobile and would require a special treatment in the density map calculation. However we have no longer considered this
loop in our analysis, since we want to focus on the hydration of regions with main chain H-bonds. (B) Linear hydration function (LHF). The location
of smooth spots in mPrPs is evidenced by a cyan background and labelled. (C) Sequence alignment and secondary structure. The starting positions in
the alignment are: 125-shPrP, 132-chPrP, 125-tPrP, 125-xlPrP. Colour codes: totally conserved residue: red, residues conserved among three
structures: orange, residues conserved among two structures: yellow or green; secondary structure residues in a-helix: blue, residues in b-sheet: red.
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relevance. In addition, the same region was previously noted

for having a similar sequence pattern, conserved among PrPs,

with the ‘‘EECYYDEN’’ fragment of human laminin a2 chain

[18] (whose precursor receptor is a putative PrPC partner [40–

42]). Overall, these data support the idea of a possible involve-

ment of the region in the PrPC trafficking.
4. Summary

To our knowledge, this is the first MD analysis of PrPs shar-

ing low sequence identity with the mPrPs. Our analyses fo-

cused on the hydration properties of the non-mPrPs and in

particular on their influence on the folding stability and poten-

tial interaction loci. We studied a specific hydration site (W1)

that brings together residues from three distant structural ele-

ments. Remarkably the site is conserved among the PrPs here

analyzed, despite the sequence variability. We pointed out the

structural role of the bound and buried water that appears to

stabilize a conserved b-bulge; the latter is a conserved feature

that might be ‘‘negatively designed’’ for preventing PrPC

aggregation. On the other hand, the comparison of the hydra-

tion maps of different PrPs demonstrates that the ‘‘smooth

spot’’ at the H1 surface is a common characteristic of all PrP

of known sequence and structure.
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Appendix A. Supplementary data

Supplementary data associated with this article can be

found, in the online version, at doi:10.1016/j.febslet.2006.

02.083.
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