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‘We propose models for in vitro grown mammalian prion protein
fibrils based upon left handed beta helices formed both from the
N-terminal and C-terminal regions of the proteinase resistant
infectious prion core. The C-terminal threading onto a B-helical
structure is almost uniquely determined by fixing the cysteine
disulfide bond on a helix corner. In comparison to known left
handed helical peptides, the resulting model structures have similar
stability attributes including relatively low root mean square
deviations in all atom molecular dynamics, substantial side-chain-
to-side-chain hydrogen bonding, good volume packing fraction,
and low hydrophilic/hydrophobic frustration. For the N-terminus,
we propose a new threading of slightly more than two turns, which
improves upon the above characteristics relative to existing three
turn 3-helical models. The N-terminal and C-terminal beta helices
can be assembled into eight candidate models for the fibril repeat
units, held together by large hinge (order 30 residues) domain
swapping, with three amenable to fibril promoting domain swap-
ping via a small (five residue) hinge on the N-terminal side. Small
concentrations of the metastable C-terminal 3 helix in vivo might
play a significant role in templating the infectious conformation
and in enhancing conversion kinetics for inherited forms of the
disease and explain resistance (for canines) involving hypothesized
coupling to the methionine 129 sulfur known to play a role in
human disease.
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Introduction

Prion disorders such as mad cow and chronic wasting diseases
represent significant threats to public health and agriculture.! They
are, in addition, examples of protein aggregation driven disorders
(which include Alzheimer’s, Parkinson’s and Huntington’s diseases)
in which the aggregates contain substantial B sheet content.>* While
mechanisms of toxicity remain unclear in these disorders, there is
general consensus that 3 sheet aggregates of prion proteins in either
oligomeric or fibrillar form play a critical role.> Accordingly, it is
of considerable interest to study the spectrum of possible aggregate
structures with all means possible, including in vitro synthesis and
simulation.

With the exception of recent solid state nuclear magnetic reso-
nance studies of synthetic Ab42 fibrils>® and HET-s fungal prions,”
there are no studies of sufficiently high resolution (1-2 A) or with
qualitative discriminatory power to rule in/out specific structures. In
particular, for the prion aggregates, the best structural information
has emerged from electron microscopy with 1-3 nm resolution,®?
large compared to the typical 4.8 A spacing between B-strands in a
[-sheet conformation.

A candidate conformation, which has received considerable
attention, is the P helix, especially the left handed form (LHBH).
This structure arises in a number of bacterial enzymes, usually in
a trimer configuration (type II, with 18 residues per helical turn
in an ideal structure), and in some insect anti-freeze proteins (type
I, with 15 residues per helical turn in an ideal structure).!®!! For
prions, a trimer of 3-helix containing monomers has been proposed
as a candidate for the repeat units of a two dimensional crystal,®!?
although a competing model with spiraling B sheet structure has also
been developed which agrees with much of the available data.!>14
Fibrils can be formed from LHBH models by stacking the oligomers.
An important recent development in this direction is the high reso-
lution fibril structural data from the HET-s fungal prion protein,
which show that is a left handed “B-solenoid” with two layer repeats,
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for which a portion is approximately triangular.® The { helix has also
been proposed as a candidate structure for Ab fibrils in Alzheimer’s'?
(although this appears ruled out by high resolution solid state NMR
studies>®) and of yeast prion516 (although alternative models with
registered B sheet structures have also been proposed!”).

The structure has also received attention for Huntington’s and
1819 in part because the “critical

length” of ~40 glutamine repeats at which disease onset enters the

other polyglutamine disorders,

observation window of typical human life spans.?® This roughly
corresponds to the minimal LHBH repeat with satisfied internal
hydrogen bonds, namely two turns (36 residues). Speculation of the
relevance of the LHBH for polyglutamine disorders was furthered by
in vitro kinetics measurements at varying concentrations showing a
critical nucleus of one monomer.?? Subsequently, all atom MD was
used to argue that at least three turn left handed P helices can be
stable as monomers.?! Perutz and collaborators?? proposed that the
aggregate structure was a circular B helix of approximately 20 resi-
dues per turn, which was permeable to water. An important feature
of the Perutz model is that there was significant side-chain-to-side-
chain hydrogen bonding; others have focused on the stabilization of
glutamine PB-helices by side-chain-to-backbone bonding. However,
some caution should be in order for any tentative assignment of
LHBH structure in any form to polyQ aggregates: the Perutz data
23 and direct
all atom molecular dynamics simulations reveal that the proposed
circular structure comes undone to a not fully ordered structure
showing “B-turns”.24 Separately, extensive simulations from the

has been reinterpreted to support a different structure,

disordered side suggest a bottleneck to any cross-B structure at the
monomer level.?> Moreover, x-ray diffraction on aggregates of polyQ
homopeptides from length 8-45 suggests the formation of slab like
geometries.%®

Recently, mammalian prion protein fibrils have been grown in
vitro at low pH and measured with 30 A resolution electron micros-
copy.? We show in Figure 1 an excerpt from their fibril density plots
taken from the electron microscopy data base.”” The monomers
of prion protein are truncated at the length corresponding to the
proteinase resistant core of the infectious PrP conformation. These
fibrils have a helical character, with two strands joined by protein
loops. Circular dichroism reveals no substantial o helix content,
in contrast to the cellular (normal) prion protein PrP and purified
prions. As shown in Figure 1, the evidence suggests that the repeat
units are of length about 60 A, or twelve B strands. The fibril helices
have either 10 or 12 repeats per twist. Although the lack of o helices
raises questions about the correspondence of these fibrils to in vivo

derived infectious material, 2829

the potential relevance of fibrils to
disease is bolstered by the observation that inoculation of synthetic
fibrils (whole or sonicated) into transgenic mice, which overexpress
PrB, induces passable prion disease.”

In this paper we propose models for these fibrils based upon prion
protein tetramers with LHBHs drawn both form the N-terminal
and C-terminal ends of the truncated protein. Such a model is
shown as the lavender wire frame structure inserted in the density
map of Figure 1, and will be discussed in detail later in the article.
In Figure 2, we contrast the cellular prion protein structure PrP
(truncated at residue 90, after ref. 31) with a monomer containing
C- and N-terminal LHBHs. We draw the N-terminal LHBH

from the largely random region, and a 21 residue loop (largely
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Figure 1. 30 A resolution electron density map of in vitro grown mamma-
lian prion protein fibril from ref. 9 (grey) with model repeat unit of four PrP
profeins adopting beta helical conformations in both the N-erminal and
C-erminal regions embedded (lavender). Embedding of the tetramer model
and image production through Chimera.%3

Figure 2. Comparison of PrP with LHBH structure. On the left we show
human PrP (adopted from PDB structure TQMO,31) with three color coded
regions: residues 90-145 (orange), residues 146-167 (green), and residues
168-230. In the LHBH structure, which is the building block for tetramers (like
that shown in Fig. 1), residues 90-145 go into a LHBH (N3, after ref. 7),
146-167 info a loop, and 168-230 into another LHBH (C4, present work).

overlapping with the long loop of ref. 8) links this LHBH to the
C-terminal LHBH. In this model, the long loop is responsible for
the large scale intra-tetramer domain swapping, while the small
PKSKP loop between residues 101-105 can be responsible for
inter-tetramer domain swapping that holds the fibril together. For
the C-terminus LHBH (CLHBH) we show that the requirement
of a disulfide bond between cysteines almost uniquely determines
the threading; we consider 3 turn and nearly 4 turn versions.
This CLHBH appears to be reasonably stable by comparison with
three turn sequences from known LHBHs, and has, in particular,
excellent side-chain-to-side-chain bonding characteristics. For the
N-terminus LHBH (NLHBH) we consider both a three turn model
proposed in the aforementioned trimer work, and a new two turn
model, different from that previously introduced by Langedijk
et al.,3? which has markedly improved stability compared to the
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Figure 3. Index scheme for one turn of a Type Il LHBH.!! The nomenclature
here follows reference 7. Note that L3,L5 point inwards.
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earlier model, but not compared to the CLHBH. We identify eight
unique arrangements for the tetramer repeat units which could in
principle generate fibrils through a combination of LHBH stacking
and large hinge domain swapping. We argue that for the fibrils
observed in reference 9 that a combination of short hinge domain
swapping and large hinge domain swapping®® presents the most
likely scenario, which eliminates all but three of the tetramer models.
We note that if a small concentration of the CLHBH were present
in vivo as a templating element, it might help rationalize the role
of some of the mutations in the N-terminal region and in species
dependent susceptibility or resistance to infection. Fibrillization34
and oligomerization> experiments performed in vitro suggest that
methionine at codon 129 is critical for aggregation. Assuming to
this to be so for the fibrils of reference 9, we select uniquely one of
the eight fibril models formed from CLHBHs and NLHBHs. While
ours is not the first theoretical®® or experimental work3” to propose
B structure formation in the c-terminal region of prion protein
fibrils, we believe our model contains a significantly higher level
of detail to engender falsifiability than in these important earlier
contributions.

Results

Key details about fibrils. Ref. 9 shows electron microscopy
evidence for prion protein fibrils with twinned cross-linked fila-
ments, possessing repeat units with lengths consistent with twelve
B strands perpendicular to the fibrillar axis, no o helical struc-
ture, and no strong evidence for inter-monomer disulfide bonds
between cysteines. The cross sectional diameter of the filaments
is of order 25-35 A, and the linkers between the filaments are of
length 50-60 A. There is a gap of order 8-15 A between these
repeat units, which is thus likely devoid of B sheet bonding. The
cross linked regions are electron rich and approximately twice as
wide as the empty regions between filaments. These facts alone
allow us to begin to build a powerful empirical case for LHBH
structure to the filaments. We make the following observations:

* With the inclusion of side chains pointing to the outside,
it is easy to see that the cross sectional size of LHBH motifs are of
the order of 25-35 A.

* The two versions of LHBH trimers proposed already for the
prion oligomers of refences 7 and 12 contain LHBH structures in
each monomer on the N-terminal side of the truncated prion protein
with three B helical turns in residues 90-144.

* The remnant o helical portions of the original LHBH trimer
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model has 63 residues between the structure disrupting proline at
residue 165 and the terminal glutamine at residue 228, easily enough
to accommodate three full LHBH turns.

* The two cysteines with a disulfide bond are at residues 179 and
214 respectively, differing by 35 residues or almost two full turns
of a LHBH. Indeed, assuming the cysteines are at LHBH corners,
there is no difficulty in accommodating the intra-monomer disulfide
bond. This requirement fixes the three turn CLHBH threading to
within 1-2 residues. It is important to note that the reducing envi-
ronment used in reference 9 to generate fibrils could have potentially
broken disulfide bonds to allow inter-monomer Cysteine-Cysteine
bonding. We cannot assess this possibility in our work, but note that
considerable attention in reference 9 is devoted to the establishment
that intra-monomer disulfide bonds predominate despite the initial
reducing environment. Hence, in our model we assume that the
disulfide bonds do not bridge between proteins.

* The 21 residue linking region between residues 145 and
165 is, fully extended, approximately 60 angstroms and thus of
sufficient length to explain the observed cross links.

* We start the CLHBHs past residue 164 to allow full
exposure of the YYR motif for scrapies specific antibody binding.®

* While the cross-f structure of these fibrils is potentially consis-
tent with LHBH based models, it is at present inconsistent with
B-spiral models'>!# for which the B strands are at a non-normal
angle to the spiral axis.

* It is possible that the fibrils may be consistent with some steric
zipper based model;?” we have chosen not to explore such a model here
because (1) experimental results for steric zipper based fibrils are so far
limited to small peptides, of length 8-10, and it is not clear how this
will extrapolate to large peptides such as the truncated prion protein;
(2) our model is of interest and falsifiable in its own right independent
of what other models may describe prion protein fibrils.

* In a separate paper by Surewicz et al., the c-terminal is also
found to be the stable core of the fibril formation. Their data derived
from site-directed spin labeling shows residues 160-220 as the
major participants in conversion from PrP¢ to PrPS¢.4 However,
their fibrils possess monomeric layers of single strand thickness, in
contrast to the multi-strand LHBH structure. The difference may
lie in the different (higher pH) preparation conditions compared to
that of reference 9.

C-terminal [ helix. We have threaded (see Figs. 3 and 4) and
constructed three and four turn CLHBHs (C3-residues 178-226
of human PrP,C4-residues 166-226 of human PrP) and display the
four turn version in Figure 5, along with the modeled two and three
turn NLHBHs (both taken from residues 90-145 of the human
PrP). The C3 is simply 12 residues shorter on the N-terminal
cap of the LHBH. As noted above, the key constraint is that the
disulfide bond between the cysteines appear on a corner so that the
threading is fixed to within 1-2 residues given the 2 residues per
corner of the LHBH. Given this constraint, we simply mutate the
residues from three or four turn stretches of a known LHBH to
the sequence for the prion. It is also possible to slightly modulate
the threading to produce B helices which can bind to 0, 1 or 2
sugars depending upon the position of the N-linking asparagines,
as shown in Figure 6.

In order to assess the stability of the CLHBHs, we performed

molecular dynamics simulations comparing to three turn sections of
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C4D L1 L2 L3 L4 LS L6 L1 L2 L3 L4 L5 L6 L1 L2 L3 L4 L5 L6
TURN1 vi65 D Q Y s N Q N N F v H
TURN2D c v N I T I K Q H T v XxXx T T ] T a
TURN3 N F T E T D v K M M 2 R XxXx v v E Q M
TURN4 C v T Q Y Q K E s Q A Y Y R G

Cam1 L1 L2 L3 L4 LS L6 L1 L2 L3 L4 L5 L6 L1 L2 L3 L4 L5 L6
TURN1 V165 D Q Y s N Q N N F v H
TURN2D c v N ! T I K Q H T v XxXx T T T T K
TURN3 Q E N F T E T D v K M M E R v v E Q
TURN4 M c v T Q Y Q K E s Q A XXx Y Y R G

Cc4Uu L1 L2 L3 L4 LS L6 L1 L2 L3 L4 L5 L6 L1 L2 L3 L4 L5 L6
TURN1 vi65 D Q Y s N Q N N F v H D
TURN2 C v N ! T I XXX K Q H T v XXX T T T T K
TURN3 Q E N F T E T D v K M M E R v v E Q
TURN4 M c v T Q Y Q K E ) Q A x Y Y R G

cam L1 L2 L3 L4 LS L6 L1 L2 L3 L4 L5 L6 L1 L2 L3 L4 L5 L6
TURN1C178 V N ! T I K Q H T v T T T T K G E
TURN2 N F ¥ E T D v K M M E R XXx v v & Q M
TURN3 C v T Q Y Q K E s Q A Y Y D G

N2 L1 L2 L3 L4 LS L6 L1 L2 L3 L4 L5 L6 L1 L2 L3 L4 L5 L6
TURN1 G8y @ G G G 1 H N Q w N K P
TURN2** K T: N L K H v e G G Y M L G s A M
TURN3 S R P M I H F G N D

N3 L1 L2 L3 L4 LS L6 L1 L2 L3 L4 L5 L6 L1 L2 L3 L4 L5 L6
TURN1 G8s @ G G G T H
TURN2ZN Q N K T i . L K H XxXx v A G A A
TURN3 A A G A v v XXX XXX G G L G G Y M L G s
TURN4 XXX A M s R P M ] H F G N D

xxx - JUMP ** - SKP LOOP CONNECTED TO L6 AND L2 *a4* - PSKPK LOOP CONNECTED TO THE L5/L2 POSITION
* - KQE loop *+*  -AGAAAAGAVVGGL LOOP CONNECTED TO L2 AND L4

Figure 4. Threads for model B helices discussed in this paper. A single turn with 18 positions is used in the columns. Cysteines are colored gold, asparag-
ines which link to sugars are colored blue, inward pointing acidic or basic residues are painted red. Asterisks denote loops as detailed at the bottom of the

Figure, and capital X's denote jumps.

LHBHs taken from known proteins (Fig. 7). The key observation in
Figure 7 is that within the 10 ns time scale of the simulations, the
root mean square deviation (RMSD) from the starting configura-
tion for the CLHBHs is bracketed by that of known segments of
the surveyed LHBH proteins. While this does not prove stability, it
certainly enforces the viability of the CLHBH candidate structure in
building fibril models. Note that the larger RMSD of the C4 model
is almost entirely associated with the partial extra layer.

We have also assessed three stability characteristics for the
CLHBHs to be compared with several of the type II LHBH PDB

proteins.!'!

Figure 8 shows the number of side-chain-to-side-
chain hydrogen bonds, volume packing fraction and a frustration
index (counting the number of satisfied polar/charged and hydro-
phobic interactions with water). We find these side-chain/side-chain
hydrogen bonds to be predominantly at the corners of known struc-
tures, with an average of about 2 per turn. Both the C3,C4 LHBHs
score above this. Another characteristic of importance is the packing
fraction within the helix. For small side chains, there will be no steric
resistance to inward collapse of the helix, and easy penetration of
water. The proteins surveyed from the PDB have a mean packing
fraction of 0.78, while the C3,C4 LHBHs have packing fractions
of 0.71, within the standard deviation of 0.09 for the PDB survey.

Finally, we crudely measure frustration of hydrophilic/hydrophobic
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PKSKP
Loop

N3

Figure 5. Left handed B helical structures for model prion tetramers. C4: 4
turn B helix for the Cerminal region (residues 166-226). Note, the cysteines
highlighted with yellow spheres, glutamates highlighted in red, and glycans
linked asparagines highlighted in green. N3: 3-turn B helix for the N-terminal
region drawn from references 7 and 11. N2: New 2-turn N-erminal beta
helix. Images produced with VMD.%” Note: PSKPK denotes the small hinge
region hypothesized to link the domain swap between tetramers; G-A repre-
sents the hydrophobic loop removed from N3 to stabilize N2.

residues as indicated in the methods section; a positive index indi-
cates low frustration, a negative index high frustration. The mean
for the PDB survey is 0.07, and the C3,C4 LHBHs have frustration
indices of 0.15 and 0.18 respectively. Hence, on these computational
and empirical measures, the model CLHBHs appear to be strong
candidates as stable components in the explanation of the fibrils of
reference 9.
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R/

Unglycosylate C4U Monoglycosylated C4M1

Figure 6. Different Cterminal B-helical threads accommodating O or 1.
Depending upon the positions of the N-inking asparagines (pointing in
or out, highlighted in green) the Cterminal B helix can accommodate O
(C4U),1(C4M1) or 2 sugars(C4D, c.f. Fig. 5). Cysteines are highlighted in

yellow, glutamates in red.

inducing structure for a given species or strain requires a different
thread, achieving that thread may require burial of basic residues
which then necessitates accompanying counter-ion screening.

It is interesting to note that pH-dependent calorimetric data
provides evidence for a stable intermediate phase between condensed
PrP and random coil prion protein for ovine prions.#? In particular,
at pH < 4.0, an intermediate phase containing irreversible aggre-
gates displaying evidence for cross-B structure forms (a similar
phase, probably linked to histidine protonation arises at higher
pH, above 6.0). Whether there is any correspondence between our
C-terminal LHBH and the low pH intermediate is worth further
exploration.

N-terminal 3 helix. We have threaded (Figs. 3 and 4) two
different NLHBHs drawn from residues 90-145 of human PrP, as
shown in Figure 5. The three turn model (N3) is the LHBH taken

from the mini-prion trimer model of references

7 and 12. For the two turn model (N2), we

extract a loop composed mostly of small side-

IMR7 R
1IKGQ
DI v2 —
DI_v2_GLH

chain alanine and glycine (residues 116-128 of
human PrP). Although there is no precedent
for such a loop in known LHBH structures, 1°

w
|

W

RMSD (A)
——y

(=]

0 1 I 1 | L I 1

this construction does solve the chief problem
with the N3 model, which is that the small
G,A side chains allow a collapse of the middle
layer; the resulting RMSD at one nanosecond
is of order 5-6 angstroms, significantly worse
i than the LHBHs shown in Figure 6. Moreover,
as shown in Figure 7, the N3 model has
virtually no side-chain-to-side-chain hydrogen
bonding, and has as well a poor packing
fraction (reflecting the small alanine, glycine
volumes in the middle turn of the LHBH).
1 We cannot rule out the possibility that the N3
LHBH is stabilized in contact with, e.g., C3

4000 6000
time (ps)

LHBHs. In contrast, the N2 model is a supe-
rior candidate model on its own merits than

10000

Figure 7. Rootmean square deviations (RMSD) vs. all atom AMBER8 molecular dynamics®4 simulation
time to 10 ns from starting structures for LHBH regions of two known proteins (1MR7—Streptogramin
A Acetyltransferase®® and 1KGQ—Tetrahydrodipicolinate N-Succinyltransferase®®—and two model
LHBHs (C4D—diglycoslyated and C4D-D(0)—diglycosylated and protonated glutamate), as shown
in Figure 6. In runs up to 1 ns which include five other known LHBH structures we obtain similar

RMSDs all bracketed by TMR7 and 1KGQ. Up to 1 ns, we find similar results for C4AM1,C4M2, and

N2 (not shown-order 2.5 A), while the N3 RMSD is much larger (=6 A).

(We note that there is overlap of our work with that of reference
11, which observed in particular the importance of good packing
and low frustration of the side-chain-to-water interactions).

While there is no direct structural characterization of the PrPb
form obtained from either unfolded PrP in high salt or from expo-
sure for long periods of PrPa form to high salt solution, our structure
may provide some rationalization for the role of salt.*! Given the
cysteine constraint, it is hard to maintain stricc LHBH structure in a
given thread while avoiding burial of at least one charged residue; our
thread shown in Figure 5 and presented in the supplemental section
has one buried glutamic acid which is a non-issue for low pH forma-
tion as in the experiments of reference 9. However, if the disease
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N3; N2 has (1) a comparable RMSD to the C4
model, (2) improved side-chain-to-side-chain
hydrogen bonding compared to the N3 model
(though worse than the C3,C4 models), and
(3) excellent packing within the LHBH.

We note that Langedijk it et al. previously
introduced a two-turn model3? for residues
105-143, which overlaps with our model,
running from residues 90-145. Our threads
to the LHBH model differ in the following respects: (1) We include
residues 90-105 in our first turn; (2) We place the small volume A-G
residues in a loop to avoid helix incursions by water with attendant
destabilization, while Langedijk et al., include these residues in the
helical thread; (3) Langedijk et al., place considerable emphasis upon
methionine alignment in the two rungs, which we do not.

Model tetramers. To compare with the the 30 A resolution data
presented in reference 9 and shown in Figure 1, we can compose
tetramers as the repeat unit, where the twelve B strands per repeat
unit derive from four P helices (two C-terminal and two N-terminal).
Thus each monomer would either contain two three turn LHBHs
(N3,C3) or the two-strand/four turn mix (N2,C4). The EM images
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suggest an approximate mirror symmetry to each fibril
strand for these tetramers. There is in addition a possible
orientation degree of freedom associated with the triangular
cross section of the [ helix, which we shall consider briefly
near the end of this subsection. With the mirror symmetry,
there are eight possible tetramer configurations, illustrated in
Figure 9, four in which the strands themselves mirror each
other across the fibril axis (models I-IV), and four in which
they run in an opposite sense (models I’-IV’). We have color
coded each monomer within a tetramer, and provided an
arrow on each P helix to indicate the n-to-c terminal sense
of the peptide backbone. The tetramers are held together
overall intra-strand by B sheet hydrogen bonding and inter-
strand by domain swapping with the large hinge constructed
from residues 145—165 for the C4 case and 145-176 for the
C3 case. Note that the hinge regions leave exposed binding
epitopes for scrapies sensitive antibodies.3843-44

To further restrict possible models, we consider the
impact of three constraints: (1) the requirement that
the cross strand region have high electron density at
the middle of the repeat unit and a hole at the end. (2)
That there be a “notch” or gap at the ends. (3) That
the strands have a cross sectional aspect ratio of ~1.3:1
for the strand-to-strand orientation vs. the perpendic-
ular orientation in the vicinity of maximal inter-strand
electron density.

Regarding the “hole” we can immediately rule out models
IT" and III, which would clearly have density holes both at
tetramer ends and middles. Models I, I’ may possible satisfy
this constraint if built from C4 and N2 B helices, but other-
wise there are likely to be holes in the tetramer middles.
However, given this constraint, the most likely candidates are
models II, IIT, IV and IV’ in which the hinge stretches either
cross or are concentrated in the center of the tetramer.

We further note that the lateral aspect ratio of the dense
repeat unit midsection to the hole is approximately 2:1. This
suggests that the C4/N2 combination for models IL, IIT’, IV
and IV’ are more likely. In each case, this would expand the
middle region relative to the hole region.

We now turn our attention to the observed “notch” in
density between repeat units of the fibril, which would yield
an 8-10 A gap between B strands. We speculate that inter-
tetramer bonding is mediated by a different mechanism. A
natural candidate, when the ends of the tetramers are formed
from N2 or N3 LHBHs is that the small 5 residue proline
containing loop (residues 101-105 in humans) noted in
reference 12 as a possible hinge region for domain swapping
mediates domain swapping between tetramers here. In this
case, the bottom layer of each N2 or N3 LHBH from one
tetramer strand hydrogen bonds in the appropriate B sheet
conformation with the upper layers from the adjoining
tetramer. Given the relatively large number of basic residues
in the bottom layer, this also represents a way to avoid some
of the Coulomb cost that would arise if the monomers
hydrogen bonded without domain swapping,.

With this domain swapping assumption, the relevant
models are restricted to III’, IV, IV’. We note that if this
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Figure 8. Empirical stability measures for known LHBHs and four model LHBHs. We
compare side-chain-to-side-chain hydrogen bonding, volume packing fraction and
frustration index (see text for definitions), with a positive frustration index indicat-
ing good exposure of hydrophilic residues and burial of hydrophobic residues. The
C3,C4 models compare favorably to known left handed LHBH values; N3 does
badly on packing and side-chaino-side-chain hydrogen bonding, while N2 fares
better. In addition to TKGQ and 1MR7 (c.f. Fig. 7) we have compared to 1SSM
(Serine Acetyltransferase”!), 1T3D (Serine Acetyltransferase’?), 1G97 (N-acetyl-
glucosamine-1-phosphate uridyltransferase”3) and T1LXA (UDP-N-acetylglucosamine
acyltransferase”4).
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Figure 9. Schematics of proposed tetramer repeat units. Boxes: C- or N-ferminal LHBHs
viewed from the side (perpendicular to the helix axis). The arrow denotes the n-terminal
to c-terminal progression of the sequence. Lines: Large loop regions (residues 145-166
for N2-C4 pairing, or 145-176 for N3-C3 pairing). Lines and boxes are color coded by
monomer. The first row contains filaments with the same N-C sense, while the second row
contains filaments with opposite N-C sense.
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Table T Comparison of eight fibril repeat unit models
shown in Figure 7

Model  Correct fibril periodicity? Fibril gap? Possible M129/D178
contact?

| No No No

I Yes No No

1l No Yes Yes

\% Yes Yes No

I No No No

I No No No

-’ Yes Yes Yes

\% Yes Yes No

The second column refers to whether the model can reproduce the observed fibril periodicity from refer-
ence 8 via large scale domain swapping in the region of residues 145—166. Half of the models (II, IV, Ill’
and IV') can do this. The third column refers to whether the model can reproduce the ‘notch’ between repeat
units via domain swapping in the region of residues 102—106 (the PKSKP loop shown in Figure 3) which
appears fo correspond to a larger separation (about 78 angstroms) than for 3-sheets. This is limited fo
repeat units with N-terminal LHBH on the ends (models IIl, IV, III', IV'). Finally, the fourth column refers to
whether the model can allow direct contact between the M129 residue and the D178 residue implicated in
Fatal Familial Insomnia. This only arises when the C-terminal side of the N-terminal LHBH can contact the
N-terminal side of the C-terminal LHBH, restricting it to models 11, 1II", of which the latter is the sole model
displaying both the key fibril features and a possible mechanistic explanation for FFI.

assumption is correct as necessary for fibril formation, then there
would be nothing preventing the other models from forming, but
they would be off pathway to fibril formation. We summarize the
features of our eight tetramer models in the Table 1.

Finally, the cross section aspect ratio constraint favors that a trian-
gular vertex be oriented pointing towards the opposite strand, with
the hinge emerging from that vertex.

Figure 1 illustrates an embedding of the IV model with C4/N2
LHBH units into the 30 A resolution data from reference 9. Clearly
there is a reasonable qualitative match of the structures.

Discussion

Possible relevance to heritable/species related susceptibility/
resistance. The known mutations engendering inherited prion
disease are clustered between residues 102 and 145 and between 171
and 238.4> While the first set of mutations is within the region which
has B sheet structure by consensus,“® the second is generally assumed
2829 and it is

thus difficult to reconcile the prevalence of these C-terminal region

to contain the remnant o helix structures of the prion

mutations with known attributes of prion disease.

A corollary exists for animals in terms of disease resistance and
possible susceptibility. Notably, among animals exposed to bovine
spongiform encephalopathy (BSE) prions in England through
contaminated protein supplements, canines, cervids and pigs appear
to have escaped infection.*’ If one looks for sequence differences
unique to these animals relative to BSE susceptible species, all but
one cluster in the C-terminal region (canines have what corresponds
to an S103N mutation in humans). Focusing on canines, dogs
possess what corresponds to an H177R mutation in humans.

The apparent stability of our proposed C-terminal LHBH models
suggests a possible role for these structures in prion disease and in
animal susceptibility/resistance. In particular, the apparently less
robust N-terminal LHBHs could perhaps be templated by a small
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concentration of metastable or out of equilibrium CLHBHs. At
the same time, numerous data implicate the N-terminal region of
the proteinase resistant core in 3 sheet formation and toxicity. This
is supported by previous unfolding/refolding experiments, which
strongly suggest that a 3 sheet form of the prion protein is stable with
respect to the a-rich form similar to wild type*! (although the stable
form is probably oligomeric rather than monomeric).

Fatal familial insomnia mutation. The mutation for fatal familial
insomnia (FFI), D178N, finds expression in concert with homozy-
gous methionine at codon 129.45 At first sight, it is remarkable that
these residues, separated by 49 backbone units, should interact in
some way to induce the disease. A possible rationalization of this
result within the current context is as follows: (1) We observe that
the M129 residue resides on the C-terminal side of the N-terminal
LHBH, precisely on a corner with our N2 LHBH threading to
allow easy alignment with the C3 or C4 LHBHs. (2) The D178N
mutation replaces a hydroxyl group with an amide group which may
promote formation of a hydrogen bond to the sulfur of the methi-
onine group. (3) As shown in Figure 10, it is possible to align the
upper layer of the C3 or C4 B helix with a B helix like partial turn
containing the M129 such that the M129 sulfur lies in proximity
to both the H177 and mutant N178. One can easily find rotamer
conformations for the M,H,N residues with <2 A separation between
the methionine sulfur and the side chain amides of the histidine and
asparagines, hence allowing for a possible double hydrogen bond
formation. In contrast, as shown in Figure 10, only one histidine
amide-methionine sulfur bond can form for the WT PrP sequence.

The possibility of a sulfur acceptor for amide donors in hydrogen
bonding of course requires careful consideration. While earlier
surveys of known protein structures showed potential for the methi-
onine sulfur to play such a role,8 a later examination of a subset of
high resolution structural data revealed only three instances of such
a role.#? A potential limitation of the latter study is the restriction
to a small number (order 70) high resolution protein structures.
A more extensive study of complexes of the form ¥-S-Z from a data
base of chemical structures revealed that C-S-C conformations with a
sulfur acceptor are relatively rare (only about 6% of C in the relevant
bonding geometry for the neighboring C’s permit S as an acceptor)
but remain possible49 (reviewed in ref. 51).

More recent theoretical works including electron correlation
effects beyond Hartree-Fock or density functional theory approxi-
mations suggest that the enthalpy of hydrogen bonding with sulfur
acceptors is only modestly weaker than those for oxygen accep-
tors.’>53 Accordingly, the corresponding force fields in molecular
dynamics simulations may require updating.>*

Role of M129 vs. V129 in fibril/oligomer growth/disease
susceptibility. The conjectured role of the M129 to residue 177
and/or 178 hydrogen bonding discussed above for FFI is also of
relevance to in vitro models of fibril and oligomer growth. Of the
potential fibril promoting tetramer models in Figure 9 consistent
with the experimental constraints, only one has the C-terminus of
the N LHBHs in contact with the N-terminus of the C LHBHE,
namely, model III’.

We note that to date the human cases of variant CJD associated
with the human form of BSE in Europe have arisen exclusively
for methionine homozygotes while for Kuru M129 homozygosity
dominated the known shorter incubation time cases.>® In transgenic
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Figure 10. Schematic alignment of M129 with Cterminal LHBH for WT human, FFl human and canine prions. For WT, one S-amide hydrogen bond (with
H177) is possible. For FFl, two S-amide hydrogen bonds (with H177 and N178) are possible. For canines (referenced to the human sequence) within the
Swiss PDB viewer%® rotamer library, no orientation of the R177 could produce amide hydrogen bonding with M129 sulfur. In each case, alignments are
produced within the Swiss PDB viewer®® by sweeping through low score rotamers and images via VMD.%” We identify the small PSKPK loop for domain
swapping between tetramers, and the hydrophobic G-A loop pulled from the N2 Model to stabilize the LHBH.

mice with inserted human prion gene but with the native mouse gene
knocked out, valine homozygosity at residue 129 led to fifty percent
longer incubation times at expression levels 2—4 times higher than
for mice with methionine at residue 129.%° Finally, cases of iatrogenic
CJD caused by tainted human growth hormone in Europe appear to
be most pronounced for methionine homozygotes.57

With valine at 129, there is no easy side-chain hydrogen bond
formation. A potential candidate is the Y128 residue, but there is no
simply identifiable rotamer or rethreading which allows the H177
amide to link to the oxygen group of the tyrosine. We note in this
context that pathogenesis for the vCJD like strain for chimeric mice
is blocked with V129 homozygosity.® We observe, from the perspec-
tive of this model, that the V129 coding may favor a rethreading of
the N-terminal B helix to bury the more hydrophobic residue rather
than leave it exposed on a turn.

Resistance to infection in canines. In dogs, what corresponds to
the H177 residue is replaced with arginine, as shown in Figure 9. The
amide group of the arginine is at a longer distance from the backbone
than that of the histidine, and the flexible arginine side chain has a
much large number of rotamers than for histidine. Within the Swiss
PDB utility, we find no acceptable rotamer conformation with R177
(R140 for dogs) that can allow the mid-side chain amide to hydrogen
bond to the M129 sulfur (M92 for dogs). We thus conjecture that
the R177 point sequence difference confers protection against
disease by inhibiting formation of the hydrogen bonded intermediate
conformation.

Estimated impact on conversion kinetics. Typical hydrogen bond
formation energies are estimated to be 3-5 kcal/mole (reviewed
in ref. 53). We assume (1) that the locking of a methionine to
the C-terminal LHBH constitutes a reaction transition state for
templating N-terminal LHBH formation, (2) that there are entropy
losses associated with rotamer locking, (3) take the estimate of -5.5
kcal/mole for sulfur hydrogen bond formation enthalpy,®! and
(4) account for less stable PrP in the D178N FFI mutation compared
to WT by =1.9 kcal/mole (see Fig. 6 of ref. 45). Using the obser-
vation frequency data from the penultimate rotamer library®® to
compute the entropy, we estimate that the FFI transition state is
about -2.3 kcal/mole below the WT human transition state, and
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the canine transition state is about 2.7 kcal/mole above the WT
human barrier. If we further assume that this is the rate limiting step
in formation of toxic PrP oligomers, then from standard transition
state theory we obtain a speedup by a factor of 70 for FFI over WT
CJD in humans, and a slowdown of about a factor of 90 for canine
conversion over WT CJD in humans. We note that our simple esti-
mate for the WT human-canine transition state barrier difference is
within a factor of two of the barrier difference estimated from kinetic
studies of membrane catalyzed in vitro fibril growth,GO where dog
fibrils assembled 300 times more slowly than WT human sequence
fibrils. The FFI-WT barrier difference is within a factor of two of
the general estimates of 3—4 kcal/mole for point mutation driven
kinetically controlled conversion processes in ref. 46. Finally, the
FFI-to-WT spontaneous incubation ratio would give a peak incuba-
tion time of about 3400 years for spontaneous CJD, in reasonable
agreement with estimates of >1000 years from a two dimensional
aggregation model.01:02

Experimental tests. Some obvious experimental tests of our
model include:

* The M129V substitution should be carried out for the prepara-
tion conditions of reference 9 to see whether fibrillization is blocked
or slowed as found in reference 34. If this is maintained, clearly
Model 1T’ of Figure 8 is favored from our work.

e It is important to repeat the fibril growth experiments of refer-
ence 9 with the D178N mutation to test for enhanced fibril growth
rates, and with the H177R “canine” mutation to test for inhibition
of growth. The latter has been done for membrane catalyzed fibril
growth already,* but a detailed study of the fibrils with EM under
the growth conditions of reference 9 is desirable.

* To test which model most likely applies to the fibrils, we advo-
cate site directed spin labeling of non-critical residues in the middle
of our N and C LHBHs. Pulsed electron-electron double resonance
experiments (PELDOR)®? can then be used as a ruler to detect
distances between the selected spin labels in the condensed fibril
structures.

* Any fibrils synthesized under the conditions of reference 9 can
be tested with HD exchange to confirm the “protected regions.” If
we are correct, in addition to the region overlapping with the work of
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reference 40, there should be protection not only in the C-terminal
region, but also in the N-terminal region, which will definitively rule
out the fibril structure proposed in reference 41 for these synthesis
conditions.

e Proline scanning substitution should of course break fibril
formation in the C4 structure away from the LHBH corners and this
is an important test of our model.

Methods

Threading. Our current threading procedure is “manual”: we
arrange the amino acids in a spreadsheet matrix with columns
indexed by the Type II LHBH positions and rows labeled by turn
number of the helix. We require:

* charged residues point out, except possibly on top or bottom
turns of the helix.

* high volume residues point out

* prolines are restricted to turn (L6 or L1) positions.

e prefer polar residues out and hydrophobic residues in.

¢ allow no more than one loop per turn.

* demand that the two cysteines in CLHBH models be stacked
above each other two turns away to within + 1 residue and point
out.

* Demand for the N2 and N3 models that the proposed proline
hinge region be at a corner.

We adjust the LHBH thread to best satisfy the above constraints.

Molecular dynamics. The MD simulations were carried out using
the AMBERS molecular dynamics package® with the parm99 force
field using TIP3APBOX water. We first minimized the structure by
allowing 2,000 steps to relax or find the lowest energy configura-
tion. We then raise the temperature isochorically from 100 K to 300
K over 20 ps time interval unrestrained. Finally, we perform 10 ns
production runs isobarically, also unrestrained. We measure the root
mean square deviation from the input structure (RMSD) as a figure
of merit measuring the stability of the structures. For comparison of
the model LHBHs with known structures, we extracted three turn
LHBH units from existing pdb files, and subjected these to the above
protocol.

We constructed the model tetramer structure of Figure 1 with
prion monomers consisting of the C4M1 and N2 threads together
with a loop joining them. The initial tetramer structure was run
through energy minimization in the AMBER suite for 2,000 moves
with waters included to eliminate steric clashes.

LHBH stability characteristics. Side-chain to side-chain hydrogen
bond counting. Hydrogen bonds are calculated using the following
criteria: (1) A maximal distance of 3.5 A between donor and acceptor.
(2) An angular cutoff of 60 degrees. (3) No backbone atoms were
allowed (i.e., N,O,C,CA), meaning only side chain to side chain
bonding. (4) No water mediated bonds are included.

Volume packing ratio. We produce a simple estimate of the
packing fraction by summing standard side-chain volumes for those
residues with side-chains inside the B-helix and dividing this cumu-
lative residue volume into the ideal triangular prism volume for an
eighteen residue/turn helix, with the triangle inscribing the backbone
and a spacing of 4.8 A between layers assumed.

Frustration index. This is defined simply as (per B helix turn) the
net number of charged/polar residues pointing out (total out - total
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in) plus the net number of hydrophobic residues pointing in (total
in - total out) ignoring residues on the helix caps and glycine.

Molecular visualization and comparison. We used Chimera®

to align molecular level renderings of our model structures with the

experimental density profiles. To examine the possible role of M129

we employed the Swiss PDB viewer®® to (1) construct a possible

structure of residues 128-130 from a LHBH corner, (2) align
this structure with residues 174-179 of our proposed C-terminal
LHBH structure and (3) explore the rotamer space of residues
129, 177 and 178 for potential hydrogen bonding of the M129
sulfur as an acceptor with amide groups from residues 177 and 178
(for FFI). Only relatively low score rotamer positions (2 or less)
were accepted.
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