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ABSTRACT: The pathogenesis of prion diseases is associated
with the conformational conversion of normal, predominantly a-
helical prion protein (PrP®) into a pathogenic form that is
enriched with f-sheets (PrP%). Several PrP® crystal structures
have revealed f1-mediated intermolecular sheets, suggesting that
the A1 strand may contribute to a possible initiation site for f-
sheet-mediated PrP*° propagation. This 1 strand contains the
polymorphic residue 129 that influences disease susceptibility
and phenotype. To investigate the effect of the residue 129
polymorphism on the conformation of amyloid-like continuous
P-sheets formed by p1, crystal structures of f1 peptides
containing each of the polymorphic residues were determined.
To probe the conformational influence of the peptide construct
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design, four different lengths of 1 peptides were studied. From the 12 peptides studied, 11 yielded crystal structures ranging in
resolution from 0.9 to 1.4 A. This ensemble of 1 crystal structures reveals conformational differences that are influenced by both
the nature of the polymorphic residue and the extent of the peptide construct, indicating that comprehensive studies in which
peptide constructs vary are a more rigorous approach to surveying conformational possibilities.

he transmissible spongiform encephalopathies (TSEs), or

prion diseases, make up a group of fatal neuro-
degenerative disorders that affect both humans and animals.'
The most common human prion disease is Creutzfeldt-Jakob
disease (CJD), which can be sporadic, inherited (familial CJD),
or transmitted (e.g, variant and iatrogenic CJD).* TSEs are
unusual diseases in that the infectious prions are proteinaceous,
with the conformational conversion of normal cellular prion
protein (PrP€) to the pathogenic scrapie form (PrP°) playing a
central role.”

To understand the mechanism of prion diseases, PrP
structural studies are essential. High-resolution structures of
PrP¢ from various species have been determined by both
crystallography and nuclear magnetic resonance (for example,
refs 6—9) and show a conserved fold for the ordered C-terminal
domain consisting of a small two-stranded antiparallel $-sheet
(B1—p2) and three a-helices. PrP* structural studies are
complicated by the protein’s insoluble, aggregated nature. Low-
resolution spectroscopic studies revealed that in contrast to
PrP€, PrP* has very little helical content and its secondary
structure is primarily f-sheet.'® The conformational conversion
to PrP% is thus understood to involve refolding of a-helical
monomers to f-sheet-rich aggregates such that susceptibility to
proteolysis is decreased."'

In the absence of high-resolution PrP* structural informa-
tion, some features of PrP* structures suggest specific regions
that may play a role in PrP* conversion. For example, several
crystal structures of human, sheep, and rabbit PrP¢ show that
Pl strands from adjacent monomers can interact with each
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other to form a continuous intermolecular antiparallel p-
sheet.">™'® This observation led to the speculation that a f1-
mediated intermolecular sheet may play a role in PrP*
conversion, perhaps by acting as an initiation point.15 Recently,
crystal structures of PrP¢ bound to small molecules with
antiprion activity or to an inhibitory nanobody revealed that the
flexible residues N-terminal to 1 fold back to H-bond to f1,
thus extending the internal S-sheet to three strands'”'® and, as
a result, also preventing the formation of fl-mediated
intermolecular sheets.

Also supporting the possibility that f1 may be important in
the PrP* conversion is the observation that polymorphic
residue 129 that influences disease susceptibility and phenotype
is located in this strand. In humans, the M/V 129 poly-
morphism is associated with differing susceptibilities to
sporadic and transmitted CJDs, and also with distinct
phenotypes of some inherited prion diseases.'” ' In elk, the
M/L polymorphism at the homologous position 132 modulates
the incubation time of chronic wasting disease and influences
susceptibility in a strain-dependent fashion.”””>> PrPCs
containing either M129 or V129 exhibit no appreciable
difference in stability or protein fold.*'**® Instead, several
crystal structures of PrP€ disease mutants revealed that the M/
V 129 polymorphism can alter the formation and conformation
of f1-mediated intermolecular sheets.'*
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Table 1. Crystal Forms and Refinement Results for f1 Peptide Structures

PDB resolution
peptide entry (A) R/Rge. (%)
Group I (126—131)
GGYMLG(1ys_131)  4TUT 0.90 7.00/9.80 P2,
GGYVLG(p151)  4UBY 1.00 1201/1577 Pl
GGYLLG(1pe_i3y) ~ 4UBZ 1.00 8.77/11.04 P2,
Group 11 (126—132)
GGYMLGS 13513  4WSM 120 19.55/2564  C2
GGYVLGS(1ys_13)  4WSP 115 1193/1508 P2,
GGYLLGS(136_13  4WSL 1.00 16.82/17.69
Group 111 (127-132)
GYMLGS(y1) ~ 4WBU 115 15.00/16.65
GYVLGS (127-13) 4WBV 1.40 1529/22.85 P2,
Group IV (127-133)
GYMLGSA(1yy_13;  4WSY L12 8.12/10.00 Pl
GYVLGSA(y i3y 4W67 1.00 1086/1482 Pl
GYLLGSA(y_p3p)  4W71 1.00 11.76/1534 Pl

space
group

P2,2.2

P2,2.2,

unit cell

a=1039A,b=973A c=1738 A, B =10594°
a=11.67 A b=1715A, c = 19.07 A, a = 79.76°, = 86.51°, y = 90.20°
a=11614A,b=1811A4A,c=1784 A f =10524°

a=4748 A, b =944 A, c=2262 A, f =95.18°
a=1159 A, b=1715A, c = 19.84 A, p = 100.70°
a=5048 A, b=21.11A c=943 A

a=944A b=1779 A, c = 4456 A
a=19.62 A, b=946 A c=19.67 A, p =9292°

a=947 A b=1044 A, c=2199 A, a = 79.75°, f = 81.89°, y = 66.75°
a=852Ab=954A c=2541 A a=99.94° p = 99.56° y = 90.10°
a=947 A b=1038 A, c=2234 A, a = 81.80° ff = 81.40°, y = 67.95°

Because structures of aggregated proteins such as PrP* are
difficult to study at high resolution, peptides containing short
segments of their corresponding native proteins have been used
as models to probe amyloid structures that may resemble parts
of the intact aggregated proteins.”” >* Many of these peptides
revealed amyloid-like crystal structures containing continuous
P-sheets packed against each other at “steric zipper”
interfaces.””>>** Among peptide structures derived from a
variety of amyloidogenic proteins, eight different classes of
steric zipper structures corresponding to different conforma-
tions and orientations of the packed sheets have been
observed.*®

Crystal structures of several different PrP peptide segments
have been reported.*®**™** To probe the structural con-
sequences of the M/V/L polymorphism at position 129 and the
possible effects of peptide construct design (sequence range
and length) on the resulting steric zipper structure, 12 different
human PrP f1 peptides were targeted for crystallization studies.
The 11 resulting crystal structures show a variety of f-sheet
conformations and packing geometries that are described here.

B EXPERIMENTAL PROCEDURES

Peptide Design and Preparation. To increase the
chances of successful crystallization and to explore possible
effects of construct design, four different lengths of peptides
containing PrP A1 residues were obtained. These four
constructs encompass PrP residues 126—131 (“Group I”),
126—132 (“Group II”), 127—132 (“Group III"), and 127—133
(“Group IV”). For each construct, three different peptides were
obtained, containing one of the polymorphic residues
(methionine, valine, and leucine) at position 129. A total of
12 peptides were obtained by custom peptide synthesis
(Genscript). The lyophilized peptides were dissolved in
distilled water to maximal concentrations varying from S to
50 mg/mL and passed through a 0.22 um filter (Millipore)
before being used. Remaining peptide solutions were stored at
—80 °C and thawed for subsequent use.

Crystallization, Data Collection, and Structure Deter-
mination. Crystallization trials were conducted by sitting drop
vapor diffusion and included exploring conditions in
commercial screens as well as expanding on conditions
successful for similar peptides. Details of crystallization
conditions and structure determination can be found in the
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Supporting Information. Peptide crystals grew as either thin
needles or thin plates and required data collection at
microdiffraction beamlines at the Advanced Photon Source
(Argonne National Laboratory, Argonne, IL). Data processing
was performed using HKL2000,® and structure determination
was conducted by direct methods with SHELXD?” when the
data resolution permitted (at 1.15 A resolution or higher) and
by molecular replacement with either Phaser*®** or EPMR*
when limited by resolution. Structure refinement was
performed using Phenix*' and SHELXL,” and graphical
model rebuilding was conducted with Coot.** All molecular
figures were prepared using PyMol (Schrddinger). A summary
of the structures is given in Table 1; detailed data collection and
refinement statistics are listed in Tables S1—S4 of the
Supporting Information. During the course of this work, crystal
structures of two Group III peptides were reported [Protein
Data Bank (PDB) entries 3NHC and 3NHD?’]. For
GYMLGS 15713, the previously reported and current crystals
grew from different conditions (see the Supporting Informa-
tion) but have the same space group and similar unit cell
dimensions and exhibit isomorphous structures. The structure
reported here is refined against significantly higher resolution
data (1.15 A vs the previous 1.57 A). For GYVLGS 157_13,), the
previously reported and current crystals not only were obtained
from different conditions (see the Supporting Information) but
also have different space groups and unit cell dimensions. These
two GYVLGS(jy;_13;) crystal forms reveal similar structural
features, with the structure reported here being refined to
significantly higher resolution (1.40 A vs 1.92 A).

Structure Analysis. There are two types of interfaces
between peptides in the ensemble of PrP f1 crystal structures:
the interpeptide surfaces within f-sheets and the surfaces
between f-sheets. To quantitatively analyze and compare these
interfaces, buried accessible surface values were calculated for
both types of interfaces, and the shape complementarity was
evaluated for the intersheet steric zipper interfaces, using
AREAIMOL*”** and SC.***~* The surface accessibility for
the polymorphic residue at position 129 was also calculated, to
aid evaluation of this residue’s participation in intermolecular
interactions (Table SS of the Supporting Information).
Detailed explanations of these surface calculations are provided
in the Supporting Information (Figures S1—S3).
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Figure 1. Representatives of the four observed types of antiparallel -sheet H-bonding. (A) In GGYMLG ;_131) (green carbon atoms), each M129
forms H-bonds with Y128 in an adjacent strand. Peptides are shown as stick structures; H-bonds are drawn as dashed lines with residues 129 and
their H-bond partners labeled. (B) In GGYVLGqj56-131) (pink carbon atoms), V129 forms alternating H-bonds with Y128 and L130. (C) M129 in
GGYMLGS(126-13,) (cyan carbon atoms) forms H-bonds with L130. (D) In GYMLGSA1,7_133) (blue carbon atoms), M129 H-bonds to G131.
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Figure 2. Examples of the four observed types of f-strand alignment. (A) In GGYMLG(56_y31), f-strands (ribbon representation) have aligned
termini. (B) In GGYVLG(56_131), strands are shifted in pairs. (C) In GGYMLGS ;54_13,), strands are staggered. (D) In GGYVLGS 56_132), strands

are progressively shifted.

B RESULTS

Twelve peptides containing the f1 residues that are observed to
H-bond to f2 in PrP protein crystal structures were targeted for
crystallization. These peptides were designed using four
different 1 peptide lengths: Group I peptides with PrP
residues 126—131, Group II with residues 126—132, Group III
with residues 127—132, and Group IV with residues 127—133.
In each group, three peptides containing either methionine,
valine, or leucine at position 129, corresponding to sequence
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polymorphisms observed in human and elk PrPs, were studied.
Diffracting crystals and subsequent refined structures were
obtained for 11 of the peptides, with only the L129 variant of
the 127—132 peptide failing to give useful diffraction data.
While all peptides gave very thin needles or fibrils under a
variety of conditions, the best diffracting crystals came from
conditions unique to each peptide. Five space groups were
observed among the 11 crystallized peptides, but the significant
differences in the unit cell dimensions indicate that none of
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these crystal structures are isomorphous to any other (Table 1
and Tables S1—S4 of the Supporting Information). Nine of the
peptide crystal structures contain two independent peptide
molecules in each asymmetric unit; the Group I peptide
structures, GGYVLGqj56_131) and GGYMLG y54_131), with one
and four peptides in their asymmetric units, respectively, are the
only exceptions. The peptide structures were refined against
data to resolutions ranging from 0.9 to 1.4 A, corresponding in
most cases to atomic resolution.

PrP 1 Peptides Crystallize as Continuous Antiparallel
p-Sheets Forming Steric Zippers. All 11 PrP 1 crystal
structures show similar overall structures: these peptides all
form continuous antiparallel f-sheets that pack against each
other to form steric zippers. While the overall structures are
similar, comparison of their details highlights distinct variation
in the structures of the S-sheets and the geometry of their
packing. Conformational variation is observed at multiple
levels: in the H-bonding register within f-sheets (Figure 1), in
the alignment pattern of peptide termini within the sheets
(Figure 2), in the facial orientation of the f-sheets as they pack
against each other to form steric zippers (Figure 3), and in the
angular packing orientation of the sheets (Figure 4). A detailed
comparison of these 11 peptide structures provides some
insight into the influence of the M/V/L polymorphism at
position 129 and of the different construct lengths on the steric
zipper conformation.

Hydrogen Bonding within 1 Sheets Varies in
Register. While all 11 f1 crystal structures contain antiparallel
P-sheets, the alignment of H-bonds within the sheets varies
(Table 2). These alignments fall into four groups that can be
uniquely described by the hydrogen bonding partner(s) for the
M/V/L129 residue. (a) M129 has only Y128 as its H-bonding
partner [GGYMLG 56_,3;) (Figure 1A and Figure S4A of the
Supporting Information)]. (b) V/L 129 forms H-bonds with
Y128 and L130 in alternating strands [GGY(V/L)LG 156131
and GGYVLGS;56_13,) (Figure 1B and Figures $4B,C and S6B
of the Supporting Information)]. (¢) M/V/L H-bonds to only
L130 [GGY(M/L)_LGS(126_132) and GY(M/\_/)_LGS(Iy_BZ)
(Figure 1C and Figures S6A,C and S9A,C of the Supporting
Information)]. (d) M/V/L in the three Group IV peptides
forms H-bonds to only G131 [GY(M/V/L)LGSA(j;7_133)
(Figure 1D and Figure S11A—C of the Supporting
Information)]. The H-bonding alignment appears to be
dependent on the nature of the M/V/L residue at position
129 and/or on the peptide construct in some cases, and less
dependent in others. For example, the alignment with H-bonds
between M/V/L129 and G131 is seen in only the Group IV
(127—133) peptides, but for all three polymorphisms, so it
appears to be construct-dependent. In contrast, the alternating
pattern of V/L 129 H-bonding to Y128 and L130 is seen in
Group I (126—131) and II (126—132) structures, but not when
M129 is present, thus appearing to be as dependent on the 129
polymorphic residue as on the construct.

1 Peptides Vary in the Alignment of Their Termini
within Sheets. Just as the M/V/L129 polymorphism and
peptide construct contribute to variability in the H-bonding
pattern within the 1 sheets, they also give rise to differences in
alignment of the peptide termini within sheets (Table 2). The
11 A1 crystal structures exhibit four different types of strand
alignment: (a) all strands aligned within each sheet
[GGYMLG(IM—I}I)) GY(M/\_/)LGS(127—132)» and GY(M/V/
L)LGSA(157-133) (Figure 2A and Figures S4A, S9A,C, and
S11A—C of the Supporting Information)], (b) strands that shift
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Figure 3. Representatives of the three observed types of steric zippers.
(A) GYVLGSA (17133 forms a Class 6 steric zipper. Three layers of f-
sheets are shown, with the middle sheet colored (magenta carbon
atoms). Four strands of each continuous ff-sheet are shown, with the
side chain of M129 highlighted with orange carbon atoms. (B)
GGYMLG j56_13;) (middle sheet with green carbon atoms) forms a
Class 7 steric zipper. C) GGYVLG(j_13;) (middle sheet with pink
carbon atoms) forms a Class 8 steric zipper. The diagram
accompanying each structure shows the orientation of strands in
adjacent sheets in simplified fashion, with the opposite faces of each
strand colored different shades of yellow.

in pairs [GGY(\_//L)LG(126_131) (Figure 2B and Figure S4B,C
of the Supporting Information)], (c) strands that are staggered,
alternating in the alignment of their termini [GGY(M/
L)LGS(126-132) (Figure 2C and Figure S6A,C of the Supporting
Information)], and (d) strands the shift continuously
[GGYVLGSj6-13,) (Figure 2D and Figure S6B of the
Supporting Information)]. The f1 strand alignment appears
to be dependent on the peptide construct; for example, all
Group III and IV structures contain sheets with well-aligned
strands. However, the M/V/L residue at position 129 also
appears to influence the strand alignment in other constructs.
Group I structures containing V/L 129 have strands shifted in
pairs, but that containing M129 has aligned strands. Group II
structures with M/L 129 have staggered strands, while that
containing V129 has continuously shifted strands. Strand
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Figure 4. Examples of the different observed types of sheet packing. (A) GGYMLG ;5 _131) f-sheets are packed flat against each other and shifted.
(B) GYMLGS 157-13) sheets pack flat and are aligned. (C) GGYVLGy56_131) sheets are tilted in alternating layers to give open triangles. (D)
GYVLGS(17-132) sheets are also tilted in alternating layers, but with termini aligned to form closed parallelograms.

Table 2. Summary of Observations for #1 Peptide Structures

residue
129 H- steric sheet
strand bond zipper  packing
peptide alignment partner(s)  class type
Group 1 (126—131)
GGYMLG(36-131)  aligned 128 7 flat,
shifted
GGYVLG (126-131 pairwise shift 128, 130 8 tilted,
open
)
GGYLLG(136-131) pairwise shift 128, 130 8 tilted,
open
2
Group 11 (126—132)
GGYMLGS (156-13,) staggered 130 8 tilted,
closed
GGYVLGS j56-132) continuous 128, 130 8 tilted,
shift open
GGYLLGS(156-132)  staggered 130 8 tilted,
closed
Group III (127-132)
GYMLGS(157_135)  aligned 130 8 flat,
aligned
GYMLGS” aligned 130 8 flat,
(3NHC) aligned
GYVLGS(157-132) aligned 130 8 tilted,
closed
GYVLGS* aligned 130 8 tilted,
(3NHD) closed
Group IV (127-133)
GYMLGSA(157_133) aligned 131 [ flat,
shifted
GYVLGSA(157_133)  aligned 131 [ flat,
aligned
GYLLGSA(1p;_133)  aligned 131 6 flat,
shifted

“3NHC and 3NHD were previously reported.27

alignment correlates with H-bond register within peptide
construct groups, as expected, but not across groups (Table 2).

1 Sheets Form Steric Zippers That Fall into Different
Classes. The f1 antiparallel sheets pack against each other
with their side chains intercalating and forming steric zipper
interfaces. Previous studies have shown that steric zipper
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structures can be classified according to the facial and
directional alignment of the interacting p-sheets.”® The 11
PrP f1 crystal structures can be grouped into three steric zipper
classes (Table 2). All of the Group IV peptides form Class 6
steric zippers, with all the strands within each sheet facing the
same direction, and adjacent sheets forming the steric zipper
also facing the same direction [GY(M/V/L)LGSA(j57_133)
(Figure 3A and Figure S12A—C of the Supporting
Information)]. These represent the first observation of Class
6 steric zippers formed by PrP 1 peptides. Only the
GGYMLG(j56_131) structure forms a Class 7 steric zipper,
with the strands within each sheet alternating in their facial
orientation but with adjacent sheets forming the steric zipper all
facing the same direction (Figure 3B and Figure SSA of the
Supporting Information). The seven remaining structures, two
of the three Group I peptides and all Group II and III peptides,
have Class 8 steric zippers, with the strands within each sheet
alternating in their facial orientation and aligned strands in
adjacent sheets also alternating in their facial orientation
[GGY(Y/L)LG(ns—m); GGY(M/\_Z/L)LGS(lzs—mz); and
GY(M/V)LGS(17-13,) (Figure 3C and Figure S5B,C, S7A-C,
and S10A,0C of the Supporting Information). The Group 11—
IV peptides form the same steric zippers within each group,
indicating that the M/V/L129 polymorphism does not alter the
geometry of the steric zippers formed. It is only within the
Group I structures that more than one type of steric zipper class
is observed.

B1 Steric Zippers Pack with Varying Orientations and
Alignments. The 11 f1 peptide structures fall into three
different steric zipper classes. Additional striking differences are
also observed in the orientation of the sheets forming the steric
zippers, which can be flat or tilted, and how the ends of the
sheets are aligned with each other (Table 2). In five structures,
the steric zippers are formed by adjacent sheets packing flat
against each other, either with shifted ends [GGYMLG ;6-131)
and GY(M/L)LGSA,5;,33) (Figure 4A and Figures SSA and
S12A,C of the Supporting Information)] or with ends aligned
[GYMLGS 15713,y and GYVLGSA(jy;_,33) (Figure 4B and
Figures S10A and S12B of the Supporting Information)]. In the
other six structures, the steric zippers form such that alternating
layers of sheets are tilted with respect to each other [GGY(V/
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Figure S. ff1 peptide structures exhibit conformational variability on multiple levels. The ensemble of PrP f1 peptide crystal structures reveals
variability in (A) f-sheet H-bonding register, (B) alignment of f-strand termini within each sheet, (C) the orientation of packing between sheets, and
(D) the angle of packing within sheets. Two representative examples are given for each of these four conformational characteristics to illustrate the

observed variability.

L)LG(126—131): GGY(M/\_//L)LGS(126_132), and
GYVLGS(157-13,) (Figure 4C,D and Figures SSB,C, S7A—C,
and S10C of the Supporting Information)].

Within the group of tilted steric zippers, there are subtle
differences in the sheet alignments that become apparent when
they are viewed from the side of the sheets. For example, in the
GGYVLG(y6-131) structure, the layers of sheets are arranged to
form “open” triangles (Figure 4C and Figure SSB of the
Supporting Information), while in the GYVLGS (57 13,
structure, the alternating layers of sheets are arranged such
that they form “closed” parallelograms (Figure 4D and Figure
S10C of the Supporting Information). Even among the “open”
tilted steric zippers, different orientations are observed, such as
for GGYVLG56_131) and GGYLLGy4_131) (Figure SSB,C and
Table 2). The flat versus tilted orientation of steric zippers
formed by f1 sheets appears to be influenced by both the
peptide construct and the M/V/L129 polymorphism. For
example, all Group II structures have tilted steric zippers, while
all Group IV structures have flat steric zippers, reflecting the
influence of the peptide construct. However, within the Group
II structures, both “open” and “closed” tilted arrangements are
observed; similarly, within the Group IV structures, both shifted
and aligned flat steric zippers are observed, reflecting the
influence of the M/V/L129 polymorphism.

B DISCUSSION

The 11 PrP f1 peptides in this study all crystallize to form
continuous f-sheets that pack together with intercalating side
chains at steric zipper interfaces. The two Group III peptides
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were previously crystallized under conditions different from
those reported here®” (Supporting Information). The
GYMLGS(157_13) crystals described here and reported earlier
are isomorphous, with the major differences being improved
resolution (1.15 A here vs 1.57 A earlier) and five additional
water molecules included in the final refined structure. In
contrast, the crystals reported here and earlier for
GYVLGS(17_13,) have nonisomorphous space groups and
unit cells; differences include improved resolution (1.15 A
here vs 1.57 A earlier), numbers of peptides in each asymmetric
unit (two here vs one earlier), and the number and identity of
solvent molecules included in the refined structures (Support-
ing Information). It is important to note that similar peptide
and f-zipper conformations were observed for the two
isomorphous GYMLGS157_13;) crystals, and also for the two
nonisomorphous GYVLGS5;_13;) crystals. For these two sets
of structures, different crystallization conditions and crystal
forms did not alter the H-bond or strand alignment within the
P-sheets or the orientation of the stacking of the sheets against
each other (Table 2 and Figures S8—S10 of the Supporting
Information). This observation suggests that the structural
differences among f1 peptide structures are driven by
differences between the peptide sequences and construct
design and are not crystallization artifacts.

A detailed comparison of the 11 1 crystal structures reveals
a diversity of conformations that can be distinguished at four
different levels (Table 2 and Figure S). First, four different
types of H-bonding alignment between strands within the
sheets are observed. Four different types of strand termini
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alignment are also observed; these do not correlate exactly with
the different types of H-bonding alignment. Three different
classes of steric zipper interfaces are observed, each
representing a different combination of facial and directional
alignment of the strands in the interacting sheets. Finally, the
continuous f-sheets are observed to pack either flat against
each other or in a tilted fashion, with variations within each of
these two types of interactions. Altogether, the 11 B1 crystals
reveal nine distinct steric zipper conformations, resulting from
distinct combinations of different types of intra- and intersheet
interactions.

Peptide Construct Extent Influences the f1 Steric
Zipper Structure. The design of the 1 peptide construct, i.e.,
the extent of the PrP sequence included in the peptide design,
appears to have a strong but not completely defining influence
on the observed f-sheet and steric zipper conformations (Table
2). For example, peptides within Group IV (residues 127—133)
all exhibit the same H-bond register, alignment of strand
termini, and steric zipper class, regardless of the M/V/L129
polymorphic residue present. The two Group III peptides
(residues 127—132) also share the same conformational
features as described at these three levels. The peptide
construct appears to be still influential but a less determining
factor for the Group I and II peptides (126—131 and 126—132,
respectively); in each of these two groups, two types of
combinations of H-bond register, strand alignment, and steric
zipper class are observed. It is interesting to note that while the
same steric zipper conformation may be observed in more than
one peptide within a construct group, there is no similar steric
zipper conformation that is observed in peptides belonging to
two different construct groups, reflecting the strong influence of
the peptide residue range on the observed steric zipper
structure.

The M/V/L129 Polymorphic Residue Is Associated
with Structural Variation. Within each of the four peptide
construct groups, peptides each containing a different M/V/L
polymorphic residue at position 129 were studied, and the
sequence variation resulted in conformational differences
(Table 2). For example, the Group IV peptides have similar
H-bond register, strand alignment, and steric zipper class;
however, the V129 sheets pack flat and aligned, while the M/L
129 sheets pack flat and shifted. Similarly, in Group III, the
V129 structure differs from the M129 structure only in the
orientation of the steric zipper packing (“closed” tilted vs flat
and aligned). The contribution of the M/V/L129 poly-
morphism appears to be more significant in the Group I and
II peptide structures. For the Group 1 peptides, the M129
structure differs in H-bond register, strand alignment, and steric
zipper class from the V/L 129 structures; the three peptides
give rise to three different orientations of steric zipper packing.
In the Group II structures, V129 has a unique conformation
while the M/L 129 structures are very similar to each other.

Within each of the four peptide construct groups, there is
always a conformational difference between the M129 and
V129 structures, although the nature of the difference is unique
to each construct group. In Group I, the M/V 129
polymorphism alters H-bond register, strand alignment, steric
zipper class, and steric zipper packing orientation. In Group II,
the steric zipper class is the same for the M/V 129 structures
but the other three levels of conformation differ. Within
Groups III and IV, the M/V 129 structures are similar except
for the orientation of the steric zipper packing. Taken together,
the peptide structures show that the M/V 129 polymorphism
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does alter steric zipper conformation, regardless of peptide
construct design. The influence of the M/L 129 polymorphism
on peptide conformation is less consistent. In the Group II and
IV peptides, the L129 structure is very similar to the M129
structure, and different from the corresponding V129 structure.
In Group I, all three M/V/L129 structures are different from
each other.

In an attempt to quantify the conformational differences
among the f1 peptides, for each structure values were
calculated for: the accessible surface buried between adjacent
strands within the same sheet, the buried accessible surface and
shape complementarity of strands in adjacent sheets forming
the steric zipper interface, and the loss of accessible surface area
for the 129 residue in the steric zipper structure, compared to
its exposure in an isolated peptide (Table SS of the Supporting
Information). For peptides in Groups I, III, and IV, the degree
to which the polymorphic residue 129’s surface is buried upon
formation of the steric zipper correlates best with the observed
conformational differences. For example, in Group I, three
different steric zipper conformations are observed for the M/V/
L129 structures, for which three different values for the relative
accessible surface area reduction for residue 129 can be
calculated. In Group IV, the M/L 129 steric zippers are similar
to each other and different from V129; this pattern is also seen
for their respective values calculated for the relative reduction in
accessible surface area for residue 129. For Group II peptides,
the accessible surface area buried between strands within each
sheet better correlates with the steric zipper differences among
the three structures, likely due to the differences in H-bond
register and strand alignment within the sheets.

B CONCLUSION

The 11 PrP f1 crystal structures described here sample four
different peptide constructs as well as the different M/V/L129
polymorphic residues. They give rise to nine distinct steric
zipper conformations that appear to be influenced strongly by
both the residue extent of the peptide construct as well as the
nature of the polymorphic residue. Comparison with two
previously reported Group III peptide structures indicates that
peptide and steric zipper conformations are driven by
differences between the peptide sequences and construct
design and are not crystallization artifacts.

The M/V 129 polymorphism is associated with human prion
disease susceptibility and phenotype. Within each of the four
construct groups, the MI129 and V129 structures show
differences in steric zipper conformations, although the
conformations for each polymorphism differ also between the
different constructs. The conformational differences correlate
with the many reports of the M/V129 polymorphism being
associated with susceptibility to infectious prion diseases such
as the bovine spongiform encephalopathy-related variant CJD
and kuru,”"* the phenotype of inherited prion diseases,*® and
also susceptibility to sporadic disease forms of unknown
origin.19

In contrast, the protective effects of the M/L132 elk
polymorphism (corresponding to residue 129 in hPrP) in
chronic wasting disease (CWD) are highly strain depend-
ent.”>~*° Biophysical and infectivity studies indicate that often
different prion disease strains correspond to different conforma-
tional strains.’°">® In the work presented here, the L129
peptide structure is different from both M129 and V129
peptides in Group I, and similar to the M129 peptide in Groups
II and IV. Thus, the M/LI129 steric zipper conformational
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similarity or difference is construct-dependent, which may
reflect the strain dependence of the M/L129 protective effect.

Because the steric zipper conformations for any particular
M/V/L129 polymorphism are different across the four peptide
construct groups, it is unclear whether any specific
conformation observed in this ensemble of structures is
relevant to the prion disease mechanism. Alternatively, because
many prion disease strains have been characterized, and many
of those have been attributed to different conformational
strains, > it is possible that the different steric zipper
conformations observed here reflect the conformational
diversity among prion disease strains and/or variations in
disease mechanism for different strains. The conformational
differences are observed between M129 and V129 structures
across the four peptide construct groups, which reflects the
consistency of the association of M/V129 polymorphism with
disease propensity and phenotype for a variety of infectious,
inherited, and sporadic human prion diseases. In contrast, the
conformational difference between M129 and L129 peptide
structures is less consistently observed and appears to be highly
dependent on peptide construct design, perhaps reflecting the
observation that the protective effect of the L129 poly-
morphism in chronic wasting disease is strain-dependent.

The correlation between the pattern of peptide structural
differences and the degree of association of polymorphism with
disease propensity, phenotype, and strain dependence suggests
that peptide studies remain informative models for amyloid
proteins such as PrP%¢.>’~>* These studies suggest that varying
peptide construct design as an additional experimental
parameter provides for a more complete survey of conforma-
tional possibilities. However, the diversity of conformations
observed across peptide construct groups warns against
overinterpretation of specific steric zipper conformations,
whose mechanistic relevance awaits future studies.
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