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Abstract

Prion proteins (PrP) are the infectious agent in transmissible spongiform encephalopathies (i.e.
mad cow disease). To be infectious, prion proteins must undergo a conformational change
involving a decrease of a-helical content along with an increase of p-strand structure. This
conformational change was evaluated by means of elastic normal modes. Elastic normal modes
show a diminution of two a-helices by one and two residues, as well as an extension of two j3-
strands by three residues each which could instigate the conformational change. The
conformational change occurs in a region that is compatible with immunological studies, and it is
observed more frequently in mutant prions which are prone to conversion, than in WT prions due
to differences in their starting structures, which are amplified through normal modes. These
findings are valuable for our comprehension of the conversion mechanism associated with the
conformational change of prion proteins.
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Prion proteins are the proteinaceous infectious particle in neurodegenerative transmissible
spongiform encephalopathies (TSE or prion diseases) (1,2). Conversion of cellular PrP
(PrPC) into scrapie PrP (PrPSC) and aggregation into cytotoxic oligomers is associated with
a loss of neuronal cells, resulting in brain spongiosis, which in humans leads to debilitating,
dementing and invariably fatal diseases. Examples of TSEs include scrapies in ovines, “mad
cow disease” in bovines, as well as Kuru, Creutzfeld-Jacob disease (CJD), fatal familial
insomnia (FFI), and Gerstmann-Straussler-Scheinker syndrome (GSS) in humans (3,4).

The prion protein in its native state (PrPC) is a cell surface receptor anchored to the
membrane by a glycosyl phosphatidyl inositol (GPI) at position S230, and carrying two
glycosylation sites at N181 and N197 (numbering follows the human species). The PrPC
structure is composed of three helices namely H1 (144-153), H2 (172-192), and H3 (200-
225) as well as a small antiparallel -sheet composed of two B-strands namely S1 (129-130)
and S2 (162-163). Its function is not fully understood, but it putatively contributes to
transport of copper, neuronal morphology, adhesion, and regulation of lymphocytes (5,6).

OThis research was supported by NIH Roadmap for Medical Research PN2 EY 016525 and NIH GM41455.

*Corresponding author, Abraham O. Samson, Department of Structural Biology, Stanford University, Stanford, CA 94305, USA, Tel:
(650) 725 0754, Fax: (650) 723 8464, avraham.samson@stanford.edu.

Supporting information available. Movies of the normal-mode vibration of the prpC (PDB ID 3HAK). This material is available
free of charge via the Internet at http://pubs.acs.org.


http://pubs.acs.org

1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Samson and Levitt

Page 2

The past decades have seen the extension of our knowledge on prion proteins with the
solution of NMR and X-ray structures of various species (7-10) culminating in the
elucidation of human prion proteins (11-13). Important advances in relating disease to
structure have also been made through the identification of the minimal prion protein
fragment that is capable of conferring propagation of the scrapie agent (3). Despite these
studies, the transition from PrPC into PrPSC remains poorly understood and structures of the
monomeric isoforms and oligomers are still unresolved. Fourier-transform infrared (FTIR)
spectroscopy and circular dichroism (CD) showed a substantial difference in the secondary
structure content between PrPC and PrPSC, PrPC displayed high a-helix content (42%) and
little or no p-sheet (3%), while PrPS¢ showed high B-sheet content (43%) and a less
pronounced a-helix content (30%) (6). These findings suggest that the conversion of a-
helices into B-sheets is a fundamental event in the formation of PrPSC and propagation of
prion diseases.

Normal-mode analysis is one of the standard techniques for studying long time dynamics
and, in particular, low-frequency motions. In contrast to molecular dynamics, normal-mode
analysis provides a very detailed description of the dynamics around a local energy
minimum. Even with its limitations, such as the neglect of the solvent effect, the use of
harmonic approximation of the potential energy function, and the lack of information about
energy barriers and crossing events, normal modes have provided much useful insight into
protein dynamics. Over the past years, several techniques have been described to calculate
large-scale motions using classical (14-16) and simplified (17-20) normal-mode analysis.
Based on these techniques, several executable programs to calculate normal modes have
been released, such as EINemo (21), Nomad-Ref (22) and Normod (unpublished). Similarly,
molecular dynamics programs such as GROMACS (23) were modulated to calculate normal
modes. Using these programs several molecular dynamics studies have been conducted.

A large number of studies using elastic network models to analyze the molecular dynamics
and activity of biological molecules have been carried out (reviewed in (24), (25), (26)). In
this study we calculate the normal modes of various prion proteins and assess the
conformational transition between PrPC and PrPSC. To our knowledge, this is the first
attempt to characterize the conformational change of prion proteins using normal modes. We
find that normal modes display an increase of B-sheet content alongside a reduction in a-
helix content. These findings broaden our understanding of the conformational transition
associated with prion protein infection.

Computational procedures

Normal Mode Calculations

To calculate normal modes of the prion proteins, two programs namely Normod (16) and
EINemo (21) were utilized. The normal mode calculations were run locally on a Linux
(Ubuntu 8.04) operated desktop computer with a 1.8 GHz Intel Pentium processor and 2GB
of RAM. For Normod, normal modes based on realistic force fields (REA) and on elastic
network models (TIR) were calculated. For EINemo, the following default values DQMIN
—100, DQMAX 100, DQSTEP 20 were utilized. For both Normod and EINemo, the 10 non-
trivial lowest frequency modes were calculated. For each of these 10 lowest frequency
modes, ensembles of 40 PDB files were generated by Normod and 10 PDB files were
generated by EINemo all distorted along the particular mode. The two methods are very
different in that Normod (REA) minimizes the structure and then calculates modes in single
bond torsion angle space whereas Normod (TIR) and EINemo avoid minimization by using
Tirion elastic motion (17) and a coarse-grained elastic network model (18,19) respectively
and then calculate modes in Cartesian coordinate space. Normal modes of the following
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prion protein PDB IDs were calculated: 3HAK, 3HAF, 3HEQ, 3HER, and 3HES. If the
PDB structures contained a dimer, only one monomer was used.

Secondary structure calculation

To calculate the secondary structure of native structures as well as those distorted along
normal modes several programs were utilized. The use of several programs was necessary as
not all programs calculate identical secondary structure. The programs which were utilized
were Stride (27), DSSP (28) and Encad (29). The consensus secondary structure was
considered as that calculated by 2 out of 3 programs.

Secondary structure probability

To calculate the secondary structure probability of prion proteins the program NetSurfP
described by Petersen et al. (30) was used.

Modeling of PrPC isoform and PrpS¢

To construct a model of the PrPC isoform, the B-sheet of PDB 1D 3HAK was elongated to
comprise residues 129-163 (S1, S2, and H1). To construct the two models of PrPSC, the
trimeric model postulated by Govaerts et al. (31) was used as a template. The first model is a
trimer of the PrPC isoforms in which the B-sheet are stacked so they can form parallel
intermolecular B-sheets. The second model is a trimer of the PrPC isoforms in which the N-
terminus was replaced by a -helix conformation modeled by Govaerts et al. All models
were prepared using Pymol.

Results and Discussion

Normal modes of prion proteins

The normal modes of several prion proteins (3HAK, 3HAF, 3HEQ, 3HER, and 3HES) were
calculated. Remarkably, the lowest frequency mode of 3HAK, 3HAF, and 3HER showed an
increase in B-structure and decrease in a-structure (Table 1). Other modes also displayed this
change, however most often, the first one or two normal modes are enough to describe
molecular motions (32) and we decided to focus on the lowest frequency mode.

The conformational change calculated by normal modes corresponds to a 6% increase in -
sheet structure content and a 3% decrease in a-helix content. This conformational change is
very small and less pronounced than that observed experimentally (6), and hence the small
increase in B-sheet content and decrease in a-helix content should be regarded more like a
qualitative tendency. The paper does not claim to have detected a secondary structure
change from a-helix to B-sheet (i.e. a-helix turned into 3-sheet). The paper claims that there
is an overall increase in B-structure and a decrease in a-helix (i.e. random coil changed into
jB-structure, and a-structure changed into random coil).

The region undergoing the conformational change is consistent with experimental data.
Immunological experiments indicated that the major conformational changes which
differentiate PrPC and PrPSC take place in the N-terminal region (33), since two antibodies
targeting the C-terminal helices of PrPC also recognize PrPSC. The conformational
preservation of these a-helices is also supported by the existence of a disulfide bridge which
conjoins them. Therefore, in PrPC the main conformational change which occurs in the N-
terminal region between residues 89 and 172, is in agreement with the region predicted by
normal mode dynamics.

The square displacement of Ca atoms in the prion proteins which is associated to the lowest
frequency mode is shown in figure 1. The Ca square displacement values of different prion

Biochemistry. Author manuscript; available in PMC 2012 March 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Samson and Levitt

Page 4

structures were scaled to fit in the same graph. Large Ca displacements occur in segments
with disordered secondary structure while the low motion is observed in secondary structure
elements. Nevertheless, the displacement around H1 is high enough to disrupt hydrogen
bonds and partially unwind this a-helix. The displacement around the p-strands S1 and S2
allows the elongation of the antiparallel B-sheet.

Prion protein dynamics

A superposition of the ensemble structures of the lowest frequency mode which were
generated using EINemo are shown in figure 2. During this mode, the opposite B-strands S1
and S2 come close, thereby forming new hydrogen bonds which enable the extension of the
B-sheet. This increase in B-sheet content is in agreement with experimental data (6).

Normal modes provide a very detailed description of the long term dynamics around a local
energy minimum. As such, these data provide a reasonable insight into how spontaneous
occurrences of TSE might begin (not end). The conformational transition from the a-helical
to the B-rich isoform is separated by a large energetic barrier, yet transformation to prion
form seems to occur spontaneously at 1076 to 10~7 frequencies during mis- and refolding of
yeast proteins (34). For spontaneous occurrence of TSE, spontaneous conversion similar to
that instigated during normal modes and involving the 3-sheet elongation mechanism is
proposed. For transmitted TSE, propagation of prion forms is triggered by interaction of the
normal PrPC with mutant PrPSC, though it is not clear yet whether the PrPSC oligomer acts as
a seed or the PrPS¢ monomer acts as a template for conformational change (34). In any case,
the large energetic barrier between the a-helical and B-rich isoforms is lowered and
conversions between these two states become more frequent. For both spontaneous and
transmitted TSE, the conversion is initiated by zipping together of B-strands S1 and S2. Such
“zipping” mechanisms are common in protein structural conversions, and were postulated
for polar zippers by Max Perutz (35) and steric zippers of amyloid-like fibrils (36).

In vivo, Prion proteins are glycosylated on residues N181 and N197. These sugar moieties
contribute to the stability of the PrP by sterically occluding denaturing interactions (37)
without which it would be more prone for conversion. Interestingly, if the sugar moieties
were included in the normal mode calculation of the prion protein, then the lowest frequency
normal modes showed only bending of the sugar masses and displayed no secondary
structure changes (data not shown). This finding is in line with protective role of the
carbohydrates observed experimentally. Finally, the long N-terminus of the PrP was not
included as there is no structure available at this time.

Previous studies of amyloid fibrils using elastic network modeling studies were reported and
showed bending and tensile deformation of the fibrils (38). Also, amyloid nanofibrils
display elasticities varying by four orders of magnitude depending on the amino acid
sequence (39). These studies on amyloid fibrils however did not have the same intention as
the present paper; to our knowledge this is the first attempt to characterize prion protein
conformational changes using normal modes.

Propensity for B-structure

Shown in figure 3 is the secondary structure probability for the human prion protein as well
as the actual secondary structure of PDB ID 3HAK. The correlation between the p-strand
probability and the actual B-sheet is almost perfect. The regions in between the secondary
structure elements, in random loop conformation, also correspond to the experimental data.
The correlation between helical regions and actual a-helices is a bit less obvious. This could
indicate of an easy transition from a-helix to -strand conformation in the latter region.

Biochemistry. Author manuscript; available in PMC 2012 March 29.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Samson and Levitt

Page 5

Interestingly, elastic network modes of the mutant V129 prions (PDB ID 3HAK, 3HAF,
3HER) showed B-sheet elongation of S1 and S2 while native M129 prions (PDB 1D 3HEQ,
3HES) did not (data not shown). Since the motion exhibited by M129 and V129 prions is
very similar (figure 1), the diverging final secondary structures are mainly attributed to
differences in the starting structures which are amplified through the normal mode motion.
For example, the distance between the Ca atoms of residues S132 and Q160 which elongate
the B-sheet are closer in the V129 prion (4.5 A in 3HAK), than in the M129 prion (6.0 A in
3HES). The common methionine/valine polymorphism at residue 129 is a factor that
influences prion disease susceptibility. Lee et al. (13) suggested that the disease
susceptibility of V129 stems from the inclination of prion proteins to dimerize as seen in
crystals of prion proteins containing V129 which revealed both dimeric and monomeric
structures. We think that V129 plays an additional role for disease susceptibility as valine
has a higher propensity towards p-structure than methionine (40). V129 is located in the
center of the first strand (S1) and thus stabilizes the antiparallel B-sheet. The higher
propensity for B-sheet which increases the risk of conversion to PrPSC, works in synergy
with the dimerization susceptibility, by lowering the energy barrier to form PrPSC,

Structure of PrpS¢

Conclusion

To date, there is no published structure of the PrPSC. The absence of such a structure has
made it quite challenging to assess the exact pathway of conversion between PrPC and
PrPSC, One study suggested that if PrPSC followed a known protein fold, it would adopt
either a parallel p-helical or a B-sandwich architecture in a trimeric assembly (31) (Figure 4).
Our normal mode calculations indicative of an elongation of the antiparallel B-sheet into a -
hairpin supports the latter opinion, albeit both are admissible (Figure 4). The p-sandwich
could form upon stacking (dimerization) of one B-hairpin of PrPSC onto another, in line with
the idea of steric zippers (36). In figure 4, the lower PrPS¢ model oligomerizes by steric
stacking of elongated B-sheets (B-sandwich like). Several p-sandwich architectures are
available from the SCOP database (41) and without further experimental data it hard to
predict the exact PrPSC structure. Alternatively, the parallel p-helical or p-sandwich
architecture could form upon PrPC dimerization followed by a domain swap mechanism
(42). The swap mechanism involves exchange of domains between two proteins (not
shown). This working hypothesis is reinforced by the fact that several studies have observed
PrPC dimerization to have an important role in the formation of PrPS¢ (13). Prion proteins
consist of two main domains, namely S1/H1/S2 and H2/H3. In the lowest frequency mode,
these two domains move independently as they have only few interactions (see
supplementary information). The independence of the two domains is what enables domain
swap more readily. These normal modes data increase our understanding of amyloid
formation in TSE of prions.

The mechanism of conformational change which instigates PrP infection was evaluated
through normal modes. The normal modes display a decrease of a-helical structure along
with an increase of B-structure both occurring in the region involved in PrP conversion
through a zipper mechanism. These findings are valuable for our comprehension of the
conversion mechanism associated with the conformational change of prion proteins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Abbreviations

TSE Transmissible spongiform encephalopathies
Prp Prion protein

PrpC Cellular form of PrP

Prpse Scrapie form of PrP
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Figure 1. Scaled square displacement of Ca atoms of prion proteins

Shown are the scaled Ca square displacement values of (A) EINemo and (B) Normod lowest
frequency mode of PDB structures 3HAK, 3HAF, 3HEQ, 3HER, and 3HES. The secondary
structure is indicated above the residue axis. Note the minimal displacement around helices
and sheets.
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Figure 2. Lowest frequency mode of prion proteins

Shown in cartoon display are the ensemble structures of the lowest frequency mode of
EINemo of PDB ID 3HAK. Arrows indicate the directions of simultaneous motion in time.
Note the elongation of B-strands S1 and S2 (in yellow) which leads to the lengthening of the
antiparallel B-sheet".
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Figure 3. Secondary structure probability of the human M129V mutant prion protein

Shown is the probability for helix, sheet, and coil formation of the M129V mutant prion
protein (residues 125-174) calculated using NetSurfP (30). The actual secondary structure
of PDB ID 3HAK is indicated above the residue axis.
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PrPCisoform

Figure 4. Model of PrPC isoform and PrpS¢

Shown are cartoon representations of PrPC structure, putative PrPC isoform, and two PrpSc
models. The PrPC corresponds to PDB ID 3HAK. The PrPC isoform is similar to PrPC with
the exception of a p-sheet elongation. PrPS¢ models were based on the trimeric assembly
reported by Govaerts et al. (31). In the upper PrPSC, the N-terminus adopts a B-helix
conformation. In the lower PrPSC, the N-terminus adopts a B-sandwich conformation similar
to the steric zipper conformation reported by Nelson et al. (36). The figure was prepared
using Pymol.
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Table 1
Consensus secondary structure of prion protein (PDB ID 3hak) in the native and normal mode distorted
structures.
SEQ 125 . . . . . 174
Native — LGGYVLGSAMSRPIIHFGSDYEDRYYRENMHRYPNQVYYRPMDEYSNQNN
Distorted EE BHHHHHHHHHGGG EE GGGGG HHH
EEEEE HHHHHHHHGGG EEEEE GGGGG HHH
SEQ 175 . . . . . 224
Native ~ FVHDCVNITIKQHTVTTTTKGENFTETDVKMMERVVEQMCITQYERESQA
Distorted  yyHHHHHHHHHHEHHHEHHE HHHHHHHHHHHHHHHHHEHHHHHHE
HHHHHHHHHHHHHHHHHHH HHHHHHHHHHHHHHHHHHHHHHHH
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