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variant Creutzfeldt-Jakob disease

Bovine spongiform encephalopathy (BSE),amember of the prion diseases, is a fatal neurodegenerative disorder suspected
to be caused by a malfunction of prion protein (PrP). Although BSE prions have been reported to be transmitted to a wide
range of animal species, dogs and hamsters are known to be BSE-resistant animals. Analysis of canine and hamster PrP
could elucidate the molecular mechanisms supporting the species barriers to BSE prion transmission. The structural
stability of six mammalian PrPs, including human, cattle, mouse, hamster, dog and cat, was analyzed. We then evaluated
intramolecular interactions in PrP by fragment molecular orbital (FMO) calculations. Despite similar backbone structures,
the PrP side-chain orientations differed among the animal species examined. The pair interaction energies between
secondary structural elements in the PrPs varied considerably, indicating that the local structural stabilities of PrP varied
among the different animal species. Principal component analysis (PCA) demonstrated that different local structural
stability exists in bovine PrP compared with the PrP of other animal species examined. The results of the present study
suggest that differences in local structural stabilities between canine and bovine PrP link diversity in susceptibility to BSE

prion infection.

Introduction

Bovine spongiform encephalopathy (BSE), a member of the
prion diseases, is a fatal neurodegenerative disorder caused by
structural conversion of cellular prion protein (PrP%) into its
pathogenic isoform (PrP%).! However, little is known about the
mechanism of this conversion. The Prnp gene is highly conserved
among many mammalian species and PrP® shows a high degree
of homology among mammals, accounting for the ease of cross-
species transmission of prion diseases. Several amino acids have
been identified as critical for interspecies prion transmission;
amino acid substitutions of these critical residues create a species
barrier, resulting in diminishment or complete abolition of the
efficiency of prion transmission.?

A wide range of host species are affected by BSE prions.
Experimentally, BSE has been transmitted to mice,® sheep,
goats,” minks,” marmosets,® macaques’ and lemurs.® In nature,
BSE has been transmitted to cattle,” several zoo ruminants' and
domestic and wild cats." Furthermore, BSE has been transmitted
to humans via cattle, causing variant Creutzfeldt-Jakob disease
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(vCJD)."? On the other hand, several species have been observed
to be resistant to BSE infection. Although, no experimental result
was reported regarding BSE-challenged dog. While cats were
reported to develop feline spongiform encephalopathy, dogs did
not appear to be affected by BSE, even after they were fed simi-
larly infected pet food." In addition, typical BSE prions were not
transmitted to hamsters at primary passage.'® Analysis of canine
and hamster PrP¢ could elucidate the molecular mechanisms
accounting for the species barrier to BSE prion transmission in
these species.

The three-dimensional structure of PrP%¢ cannot be deter-
mined directly because PrP* is insoluble in aqueous solution and
has a strong tendency to form fibrils and amorphous aggregates. It
has reported that the negative charge of polyoxometalates deter-
mines the quaternary structure of PrP* fibrils.” However, little
is currently known about the PrP* structures. Nuclear magnetic
resonance (NMR) spectroscopy and X-ray crystallography have
revealed that the three-dimensional structure of the C-terminal
globular domains of PrP® showed similarities among the vari-
ous mammalian species examined.'*? It has reported that 32-a2
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Figure 1. Amino acid sequences of C-terminal region of six mam-
malian prion proteins (PrPs). The six mammalian PrP sequences were
compared. The bold residues are not conserved among the 6 PrPs. The
residue numbering for all PrP was aligned with that for human PrP. The
secondary structural element information was shown as « for a-helix, 8
for B-strand and L for loop or coil region.

loop has an important role in intermolecular interactions and it
may be a key for PrP aggregation.? Still, no critical conforma-
tional differences have been identified that are linked to species
barriers to prion transmission. An alternate approach is necessary
to reveal the structural differences and/or differences in struc-
tural stability of PrP¢ that exist among the different species.

The ab initio fragment molecular orbital (FMO) calculation
is a powerful tool for quantum chemical analysis of intramo-
lecular interactions in proteins and has been utilized to analyze
protein-ligand binding affinities®** 2426
Intramolecular interactions between residues play a key role in the

and protein stabilities.

structural stability of proteins.”” The intra- and inter-molecular
interactions of mouse PrP models with explicit water has been
examined using the FMO-RIMP2 method.?® Using the FMO
calculations, we previously demonstrated that the local structural
stability of the E200K mutant of PrP was altered vis 4 vis that of
the wild-type PrP. The instability of the E200K mutant structure
is thought to be a trigger for conversion to PrP%.

In this study, we compared the intramolecular interactions of
six mammalian PrPs ab initio to identify their structural differ-
ences, which were not detected by classical methods of structural
determination. A clarification of the differences in intramolecu-
lar interactions between BSE-susceptible and BSE-resistant hosts
may facilitate elucidation of the molecular mechanisms of species
barriers to BSE prion transmission. Our calculations showed that
canine and bovine PrP differ markedly in their local structural
stabilities, providing a possible rationale for why canines and
hamsters were resist to BSE infection.

Results

Structural comparison of PrP. The NMR structures of six
mammalian PrPs were compared. Their amino acid sequences
and secondary structures are shown in Figure 1. As reported
previously,'®?° the PrP backbone structures highly resemble one
another (Fig. 2A). However, the orientation of PrP side chains
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is different, both on the outer surface and in the internal region
(Fig. 2B), suggesting that the PrPs of all six animal species show
differing intermolecular interactions and/or local structural
stabilities.

FMO analysis of intramolecular interactions of PrP. To
assess the intramolecular interactions of PrP, an FMO calcula-
tion was performed. The values of internal interaction energies
(AE™) of nine secondary structural elements were negative, indi-
cating the absence of clear differences among the animal species
(Table S1). The values of the interfragment interaction energies
(IFIEs) of residue pairs were negative or positive, denoting that
the pairs were structurally stable or unstable, respectively. Since
AE™ is generated by summation of all of the IFIEs between the
residues belonging to same element, this result suggests that each
secondary element is structurally stable and primarily contrib-
utes to the similarity in backbone structure among the species.
To compare the intramolecular interaction between secondary
structural elements, we calculated the energies of 36 pair inter-
actions (Table 1). As with IFIE and AE™, the pair interaction
energy (AE™) values were negative or positive, denoting that the
pairs were structurally stable or unstable, respectively. It should
be noted here that the interaction energies of AE™ and AE™
provides information on local structural stabilities for the sec-
ondary structure elements of PrP but these energies are enthalpic
contributions but not local folding free energies. Although partial
unfolding free energies in some specified residues of PrP has been
monitored by NMR,? present technique could not be used to
analyze denaturation status of local elements of PrP. Therefore,
there are no experimental data for verifying the obtained FMO
calculations. The total AE™" for all species combined was nega-
tive, with similar values ranging from -618 to -794 kcal/mol.
This result also suggests that the global structure for all PrPs
is stable, irrespective of the animal species from which it origi-
nates. A maximum and a minimum value of AE™" within each
examined animal species is shown in blue and red, respectively,
in Table 1. As shown in Table 1, the AE™" values substantially
differed between species on an individual basis. The seven ele-
mental pairs, L1-al, L1-L2, al-L4, al-a3, L3-a3, a2-L4 and
a2-a3, showed substantially variability in their interaction ener-
gies among the animal species (o > 20 kcal/mol; Table 1). Under
mildly acidic pH conditions, the values of the two pairs (L1-a3
and al-a2) also varied substantially (Table S2). These results
indicate that the intramolecular interaction networks, specifi-
cally, the local structural stabilities, differed considerably among
PrP species, despite their similarities in backbone structure.
Notably, these differences were primarily caused by differences
in minor amino acid residues and/or in structural orientations
of side chains.

The interaction between al and a2 of BSE-susceptible
animals (human, bovine, mouse and cat) ranged from -5 to
-18 kcal/mol, whereas that of BSE-resistant animals was -24
kcal/mol (for hamster) and -30 kcal/mol (for dog). Similarly,
the interaction between a2 and L4 of BSE-susceptible animals
ranged from -48 to -71 kcal/mol and that of BSE-resistant ani-
mals was -90 kcal/mol (for dog) and -119 kcal/mol (for ham-
ster). These results indicate that PrP from BSE-resistant animals
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Figure 2. Superposition of the nuclear magnetic resonance (NMR) structures of 6 mammalian PrPs. The structures of backbone (A) and side chains
(B) are illustrated: human (red), bovine (green), mouse (blue), hamster (purple), dog (yellow) and cat (orange).

maintains a relatively stable interaction in al-a2 and o2-L4
regions (Table 1).

PCA for pair interaction energies (AE™) of PrP. Principal
component analysis (PCA) for the AE™" of animal PrP models
under neutral and mildly acidic pH conditions was performed to
clearly elucidate differences in AE™" values among animal PrPs.
The coefficients of the eigenvector for the first principal compo-
nent showed that AE™" differences were primarily attributable
to 4 elemental pairs under neutral pH conditions: L1-al, a1-1L4,
a2-L4 and a2-03; and 6 element pairs under mildly acidic pH
conditions Ll-al, L1-1L2, al-a2, al-L4, o2-L4 and a2-a3
(Table S2). Figure 3 shows the first principal component scores
of the AE™ for the six animal PrPs in neutral and mildly acidic
pH conditions. The PCA demonstrated that bovine and canine
PrPs show markedly different local structural stabilities under
neutral pH conditions. The interaction of the a2-a3 pair is sig-
nificantly weaker in bovine PrP than in PrP of other animals and
this difference may explain the peculiar interaction observed in
bovine PrP (Fig. 3) and this pair energy might be one of the most
important factor regarding the BSE sensitivity. The PCA score
of the hamster PrP was plotted at a great distance from bovine
PrP under mildly acidic pH conditions (Fig. 3). Higher principal
components in the PCA did not identify any additional useful
relationships (data not shown).

Discussion
During the transfer of prions from one species to another, com-

plete failure of transmission or a greatly extended incubation
period of affected animals is often encountered. Although the
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precise mechanisms of this species barrier phenomenon have not
been fully elucidated, it is likely to have a biophysical basis in the
structural differences between host PrP¢ and PrP*¢ in the inocu-
lum.! The conversion from PrP¢ to PrP% may be performed in
multiple steps; a heterodimer of PrP¢ and PrP* has been pur-
ported to be generated initially! A comparison of structural
determinations of PrPs from different species may provide an
insight into the susceptibility of a given species to interspecies
prion transmission and into the nature of the species barrier.*

Although BSE prions have reportedly been transmitted to a
wide range of animal species, dogs are known to be BSE-resistant
animals."” It has also been reported that typical BSE was not
transmitted to hamsters at the primary passage.'” However, an
atypical form of BSE known as the L-type BSE, was transmitted
to hamsters at the primary passage.’ This may imply that the
resistance in hamsters to BSE prion infection is not absolute or
even specific for typical BSE prions. We attempted to compare
the structural differences among six mammalian PrPs based on
their typical BSE susceptibility: four BSE-susceptible animals
(cattle, cats, mice and humans) and two BSE-resistant animals
(dogs and hamsters).

In this study, we demonstrated that the side-chain orienta-
tions of the PrP structures were species specific, irrespective of
their similar backbone structures (Fig. 2). The geometrical dif-
ferences in side-chain orientations in PrP caused by point muta-

tions?*3?

or amino acid substitutions” have been investigated.
These geometrical changes may affect critical intramolecular
interactions in PrP. A quantitative evaluation of intramolecular
interactions is essential in order to elucidate differences in PrP

structural stability.

187



Table 1. The pair interaction energies (AE™") of 6 mammalian PrP models under neutral pH condition

Secondary Structure

Pair Interaction Energies, AE/kcal mol™'

Element Pairs Human Cattle Mouse Hamster Dog Cat Average’ o’
1T B - L1 -29 -32 -24 -20 -26 7
2 Bl - al +0 +0 -0 +0 -0 +0 +0 0
3 Bl - 2 - +0 -2 -0 -0 -1 -1 1
4 p1 - B2  -26 -22 -23 -25 35 -25 6
5 Bl - L3 -29 -17 -26 -25 13 -24 7
6 B1 - a2 -2 -5 -14 -2 -7 9
7 P1 - L4 +0 -0 +0 -0 +0 +0 +0 0
8 P1 - a3 -1 +2 -8 +2 -5 -4 -2 4
9 L1 - al  -123 -105 -120 -84 -105 26*
0 L - L2 -55 -73 -34 -35 51 23*
mou - B2 -9 -13 -14 -11 -15 -8 -12 3
12 1 - B K +3 E +2 5
13 L1 - a2 +19 +15 +22 +20 418 10
14 L - 4 17 -25 -18 -22 -17 19 20 3
15 L - a3 Ef -78 -53 -90 -67 -73 19
16 al - 2 -25 -26 -24 6] -27 -24 9
17 al - B2 +1 +0 +0 -0 +0 +0 +0 0
18 al - L3 -1 -2 -2 -1 -0 4
19 al - a2 -16 % -15 -24 BN -18 -18 8
20 al - 4 -2 -5 -4 +8 +6 -14 28*
21 a1l - a3 -8 -11 -22 6 -49 -27 31*
2 12 - B2  -18 -22 -22 -17 -20 5
23 12 - 13 -0 +1 +1 +1 -3 +1 -0 2
24 12 - @ -5 -14 -8 -25 EE B -17 11
25 12 - 4 - -1 L1 O +2 8
26 L2 - a3 -4 -10 -9 EE -9 -2 17
27 B2 - 13 -12 6 -12 -12 -11 -13 5
28 B2 - a2 -7 -13 =21 =21 -16 12
29 B2 - 4+ +1 +1 +1 +1 +0 +1 0
30 B2 - a3 -21 -20 -27 -17 % -22 9
31 13 - a2 45 -42 -65 -31 -47 17
32 13 - L4 & -2 -2 -1 4
33 13 - a3 -12 -19 -12 -9 -7 26*
34 a2 - 4 -7 48 -62 -90  -69  -77 25%
35 a2 - a3 -89 28 -56 -101 -119  -92 47+
36 L4 - a3 -9 -1 -3 +19 BN 9 18

Total -725 -699 -760 -697 B3E

The pair interaction energies were evaluated by summation of the calculated IFIEs between the residues on the element pairs. “The average for the
values of AE". *The standard deviations o for the values of the AE™". *The varied AE"" among the six mammalian PrP<; ¢ > 20 kcal/mol. The blue-

marked boxes are the maximum values (i.e., most repulsive interaction) among the PrP species. The red-marked boxes are the minimum values (i.e.,
most attractive interaction) among the PrP species.

We compared the local structural stabilities of the secondary
structural elements of mammalian PrP by FMO calculations.
The structural stabilities of the elements were similar among all
mammalian species (Table S1). However, our calculations show a
considerably wide range of AE™ values in the specific local pairs
and it indicates that the local structural stabilities varied among
different animal species (Table 1). Since the magnitude of AE™"
is indicative of the strength of the interaction, a negative value of
AEPr denotes an attractive interaction (i.e., a structurally stable
conformation), whereas a positive value denotes a repulsive inter-
action (i.e., a structurally unstable conformation). The stable
pair regions are expected to be less susceptible to denaturation
of structural conformation. These local regions could possess a
highly variable internal local protein dynamics properties among
the different animal species.

It is believed that the endosomes of scrapie-infected cells,
characterized by mildly acidic pH conditions (pH 4.0-6.0), are
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the sites of PrP% accumulation, while the cell surface, character-
ized by neutral pH conditions (-pH 7), is the site of PrP¢ binding
to PrP%.33 It has also reported that the endosomal recycling com-
partment is thought as the site of prion conversion.** Our cal-
culations revealed that the local structural stabilities denoted by
AEP in the specific regions are markedly altered under lower pH
conditions, an observation that highly depended on the animal
species examined (Table 1; Table S2). Local structural stability
of PrP varied with changes in pH conditions and no similari-
ties among animal species were observed in association with pH
alteration. This suggests that PrP% conversion mechanisms differ
depending on the animal species.

Our calculations also demonstrated that the total structural
stabilities of the PrPs in different species were not directly related
to their BSE susceptibilities and/or resistance, suggesting a
greater importance for local structure of PrP in the elucidation
of PrP denaturation properties. To clarify this difference among
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animal species, we performed a PCA. The analysis clearly dem-
onstrated that different structural stabilities exist between dog
and cattle under neutral conditions and between hamster and
cattle under mildly acidic conditions (Fig. 3). This observation
suggests that different mechanisms underlie the resistance to
BSE infection between dog and hamster. Our analysis showed
that bovine PrP possessed markedly different characteristics from
other PrPs, consistent with a previous observation that bovine
PrP is more highly resistant to urea denaturation than are PrPs
of other species.”

The peculiar local structural stabilities of bovine PrP was pri-
marily derived by the weaker stability of the ®2-a3 interaction.
Furthermore, relatively weak interactions of al-a2 and a2-L4
were observed in BSE-susceptible animals. These results may
be explained by the hypothesis that PrP with weak interactions
among al, a2 and a3 sites could be converted to PrP% by BSE
prion infection. This may also account for the observation that
resistance against proteolysis of PrP* from BSE was weaker than
that against scrapie.®

In conclusion, our FMO calculations revealed the differ-
ent structural stabilities of PrP among different animal species.
Cattle PrP has different biophysical characteristics from other
mammalian PrPs. The results of this study suggest that differ-
ences in local structural stabilities of al-a2 and a2-L4 of PrP
provide a link to the mechanisms of species barriers against BSE
prion infection.

Materials and Methods

Structural modeling of PrPs for FMO calculations. Initial
atomic coordinates of mammalian PrP for human, cattle, mouse,
hamster, dog and cat were extracted from the Protein Data Bank
(PDB) structures with the codes 1QM3, 1DWZ, 1XYX, 1B10,
IXYK and 1XY], respectively. The residue numbering for all
PrP species was identical to that of human PrP. The secondary
structures of PrP were defined as follows: three a-helices (al:
144-156, a2: 172-194 and a3: 200-223), two B-strands (B1:
129-131 and P2: 161-163) and four loop regions (L1: 132-143,
L2: 157-160, L3: 164-171 and L4: 195-199) (Fig. S1). A mul-
tiple sequence alignment for the six PrPs was carried out using
ClustalW (1.8.3 WWW Server in DNA Data Bank of Japan,
National Institute of Genetics)*® (Fig. 1). The PrP structural
models were constructed for the top five conformers deposited in
the PDB. For the neutral pH (pH 7.0) model of the PrPs as a cell
surface model,** we made the following assumptions: (1) lysine,
arginine and the N-terminal residues were positively charged;
(2) glutamic acid, aspartic acid and the C-terminal residues were
negatively charged; and (3) histidines were neutrally protonated
at the N atom. All other residues were considered to be neutrally
charged. In the mildly acidic (pH 4.5) condition, the protonation
states were identical to the pH 7.0, with the exception of his-
tidines, in which the side chains were imidazolium forms and
thus positively charged. The proteins in explicit water were mod-
eled by arranging water molecules in a sphere within 16 A of the
protein surface. The geometric optimizations for protein models
in water were performed using an AMBER99 force field with

www.landesbioscience.com

i 150 T

e CATTLE

©

S5 100 ¢ (78,118)

-~ O

23

sE 5 ¢ (14,36)

N a HUMAN @

€ L

[Oine]

S5 o 496-14

é g @DoG (-34,-28) (55-31)

=] @ CAT @ MOUSE

©E

=T = '50 T

g (-16,-80)

2 @ HAMSTER

a -100 + $ } } } i
-120 -80 -40 0 40 80 120

Principal Component Scores / kcal mol-1
(neutral pH models)

Figure 3. First principal component scores in the principal component
analysis (PCA) for the AE™" of mammalian PrP. The scores under neutral
(pH 7.0) and mildly acidic (pH 4.5) models were plotted in axes of abscis-
sas and ordinates, respectively. The numerical values in the parenthesis

are the scores for neutral pH and mildly acidic pH models, respectively.

Prion

constraints of fixed heavy atoms in the whole protein, followed
by restricting of the water molecules within 8 A on the protein
(1,489-1,913 molecules) for FMO calculations. Examples of sol-
vated models are shown in Figure S2. The generated models were
further optimized under constraints of fixed heavy atoms, with
the exceptions of N- and C-terminal residues of the proteins.
The modeling procedures were performed using MOE (version
2011.10, Chemical Computing Group, Inc.).

FMO calculations. Ab initio FMO calculations were carried
out using the ABINIT-MP software (Advance/BioStation ver.
3.3, Advance Soft Corp.) with the RI-MP2 method®*** com-
bined with the 6-31G basis set. In the FMO calculation, the
protein models were fragmented into single amino acid residues,
with the exception of the disulfide-bond residues of Cys176 and
Cys214, which were considered a single fragment. The interfrag-
ment interaction energy (IFIE) between covalently adjoining
residues were evaluated by subtracting the calculated IFIE from
an IFIE between methyl groups in an ethylene molecule with a
gauche form; this form has an identical C-C bond length with
a bond length between a Ca atom and a backbone carbonyl C
atom in the residues of the protein structure.’” An average of the
IFIEs was calculated for the top five conformer models. The pair
interaction energy AEpg between the elements P and Q was
evaluated using the following equation:

AER =3 1€r 3 1EQAE M
where the AEU is the IFIE between the I and ] fragments in the
P and Q elements, respectively. The internal interaction energy
AE}" for the element P was calculated using the following
equation:

AE}" =Y 1€ Y EPAED )
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The IFIE for the disulfide bond fragment was considered in
AEpg and AE™ as described previously.”? A typical run of a

the

PrP model with explicit water took a calculation time of 10 hours

on average using four quad-core AMD Opteron 2.5 GHz cluster

(16

Corp.). The principal component score of each animal species

CPUs).

PCA. The PCA for the AE™" was performed by solving an
eigenvalue problem for an actual variance-covariance matrix built
from the variances of AE™. The PCA was carried out using the
statistical functions in the Microsoft Excel package (Microsoft
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