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ABSTRACT

The molecular mechanism in prion diseases involves structural alteration of the non-infectious cellular

isoform (PrPC) to the infectious, scrapie isoform (PrP<). The structural transition is thought to involve a
binding interface between the two isoforms in their N-terminal domains. Because prions and prion-related
peptides can form amyloid-like fibrillar assemblies, we have used X-ray fibre diffraction to study the
structure of the binding interface in synthetic peptides that have sequence similarity with the prion protein
(PrP). Our previous studies show that the alanine-rich peptides PrP106-122 and PrP109-122 form slab-like
structures that are stacked as one-dimensional lattices having cumulative disorder. The unit cell is a four-
stranded [-sheet with the chains directed along the stacking direction. Neighboring p-sheets are quarter-
staggered (likein S silk). Electron density projections indicate that the peptides form a reverse turn with the
larger residues in the N-terminal domain distinguishable from the alanine-rich C-terminal domain. This
reverse turn accounts for the 33 A-length of 8 chains (or slab thickness) as measured from the low-angle
scattering. In this report, we considered three different inter-molecular packings for the reverse turn
molecules: i.e., anti-parallel, parallel, and staggered. The staggered arrangement gave the best agreement
between the observed and calculated X-ray intensities. From the molecular model we suggest that the
autocatalytic replication of prions may involve hydrogen-bonding between intermolecular antiparallel 8

chains of the alanine-rich domains at the binding interface between PrPC and PrP<=.
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I ntroduction

X-ray diffraction has been used to study the
molecular organization of amyloid-like structures
formed by the N-terminal domains of the prion
protein (Figures 1 and 2) - including those of Syrian
hamster (SHa; PrP27-30 or SHa90-231; SHa90-145;
SHal06-122; "H1" or SHal09-122; "A8A" or
SHal113-120); mouse (Mo; M089-143); and human
Gerstmann-Straussler-Scheinker or GSS type
mutations expressed in mouse or Syrian hamster
sequences (M089-143(P101L); SHal04-122(3A-V))
(Nguyen et al., 1995; Inouye and Kirschner, 1997,

1998; Inouye et al., 2000). As reported in these
studies, X-ray fibre and powder diffraction (Figure
3) shows that the N-terminal domain in PrPisfolded
as a 3-sheet which is the likely conformation for the
PrP isoform (Pan et al., 1993). On the other hand,
solution NMR indicates an o helical-rich structure
and an N-terminal domain (90-~125) that is "flexibly
disordered” (Figure 2) (Riek et al., 1996; James et
al., 1997; Donneet al., 1997; Liu et al., 1999; Lopez
et al., 2000; Zahn et al., 2000). X-ray single crystal
analysis gives a similar monomeric structure as
shown by solution NMR, but does not resolve a
structure for the N-terminal residues 90-119 (Knaus



1 11 21 il 41 31
MANLEYWLLA  LFVAMWTDVG LOKKRPEKPGOG WNTGGERY PG QGSPOGMNRYP  POGGGTWGOP
*+ &

Signal

6l 71 21 { 9l 101 1 ABA
HGGGWGQPIIG GGWOQPHGAG. WAQPHGGANG QUAGTIINGWN KPSKPRTNVIK HMAGAAAAGA
*

H1

121 131 141 7 151 161 171
VYGOLVYYML GSAMSEPMMIT  FONDWEDRYY RENMNRYPNC  VYYRPVDOYN NONMNEVHDOY

e EL

) A I3 B

181 191 201 211 221 231
NITIKQUTVT  TTTKGENFTE ~ TDIKIMERVY " FQMCTTQYQK ~ESQAYYDGRR * SSAVLFSSPP
| ]
cno  H3 CHO H4 Gpi

G

241 251

VILLISFLIF  LMVG

Figure 1. Primary structure of hamster prion protein (Stahl et al., 1993; Inouye and Kirschner, 1998). The first N-terminal 22
residues are the signal sequence. While PrPC is completely digested by proteinase K, PrPC is partially digested yielding PrP27-
30 (Prusiner et al., 1983) which starts with residue 90 (black arrow). The glycosylation sites at residues 181 and 197 are
indicated by -CHO, and the glycosylphosphatidylinositol anchor is shown at residue 231 by Gpi. A stop codon has been found
for the human prion gene at 145 (open arrowhead) (Kitamoto et al., 1993). The N-terminal octarepeats (*) are likely Cu binding
sites (Viles et al., 1999). The four predicted helices (H1,H2,H3 and H4) are shown, as are the helical domainsA, B and C, and
b chains S1 and S2 as determined by solution NMR (James et al., 1997). X-ray fibre diffraction studies on domains H1, A8BA
and SHal06-122 are discussed in this paper.
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Figure 2. Molscript representation of PrP. (L eft) Location of the peptide fragments in Syrian hamster 90-231 (SHa90-231). H1
domain (SHal09-122; shown as ball and stick model) as determined by solution NMR (James et al.,1997). The N-terminal
domain is flexibly disordered, while the C-terminal domain contains three a helical domains (A, B, C), and two short 8 strands
(S1, S2). The 3F4 epitope domain is at the N-terminal end of the ball and stick model, and alanine-rich A8A is at the C-terminal
end. If A8A forms a3 strand, then A8A, S1, and S2 are likely to be H-bonded together, forming a 3 sheet. (Right) The three-
dimensional structure of human PrP as predicted by Swiss Modeler (Guex et al., 1999) using the NMR hamster PrP structure
(left panel) as a template. The mutations in human familial prion disease including Gerstmann-Straussler-Scheinker syndrome
(GSS), familia Creutzfeldt-Jakob disease (CJID), and fatal familial insomnia (FFI) are indicated (Prusiner, 1991). Formation of
a3 sheet islikely facilitated by these mutations. X-ray fibre diffraction of peptides containing the GSS type P102L and A117V
substitutions appears to confirm this (Inouye et al., 2000).



et al., 2001). The o helical structure may be present
in the PrPC isoform.

Peptide fragment SHal09-122 (designated H1),
which is at the binding interface between PrPC and

PrPS, shows two different diffraction patterns
depending on the treatment or physical state of the
sample, i.e., lyophilized or solubilized in 50%
acetonitrile (AcN) solution followed by drying
(Nguyen et al., 1995). With the latter treatment, the
N-termina part of H1 - i.e., the epitope region
(residues 109-112: MKHM) for the 3F4 antibody-is
likely to be folded as a B chain while in the former
state the epitope is not in the B conformation and is
probably exposed on the protein surface (Nguyen et
al., 1995; Inouye and Kirschner, 1998; Inouye et al.,
2000). The two conformationsindicated by the X-ray
diffraction and NMR data are consistent with the
notion that PrPS¢ goes through a partial denaturation

or unfolding when it interacts with PrPC. The
folding-unfolding transformation is evident in cell-
free PrP replication, where treatment of PrP by
guanidinium hydrochloride (GdnHCI) is required
(Kocisko et al., 1994) to expose the 3F4 epitope that
is concealed in PrPS¢ (Safar et al., 1998).

In this report we address the question of the folding
of the H1 domain, which by harboring the 3F4
epitope is thought to be at or near the binding
interface between the two PrPisoforms and therefore

to play a crucia role in the PrPC—PrPS¢ transition.
We previously proposed three different molecular
packings for H1 assemblies, i.e.,, anti-parallel,
parallel, and staggered (Inouye et al., 2000);
however, atomic models were not tested against the
observed X-ray intensity. Here, we first summarize
our previous X-ray analysis and then extend it by
fitting atomic models to the electron density map.
Staggered inter-molecular packing of H1 monomers
most closely fits the X-ray data, and suggests a role
for hydrogen-bonding at the binding interface

between PrP¢ and PrPSc,
Materials and Methods
The experimental methods have been described in
detail in our previous reports (Nguyen et al., 1995;
Inouye and Kirschner, 1997; Inouye et al., 2000) and

are givenin brief here.

X-ray diffraction

Peptides and Samples. The sample peptides
(sequences indicated Figure 1) were analyzed in the
lyophilized state and after solubilization and drying,
as previously described.

Data Collection and Analysis. X-ray diffraction
patterns were recorded on film and digitized as
described. The intensities were obtained from narrow
strip scans along the equatorial, meridional or radial
directions using the public domain NIH Image
program on a Macintosh computer (developed at the
U.S. National Institutes of Health and available on
the Internet at http://rsb.info.nih.gov/nih-image/). The
diffraction pattern showing slight orientation was
treated as a powder pattern. The structure amplitudes
are related to the observed intensity by Lorentz and
polarization factors. The Lorentz factor L in powder
diffraction, for example, isgiven by -, where A
Is X-ray wavelength and 6 is half of the scattering
angle (Cella et al., 1970). As the spherically
distributed intensity |4 is measured along the radial
direction on flat film, the structure factor F isrelated
to I5 by

_F'LP_F°P
2R 4nR?
where
R— 2sin@
A
and the polarization factor (Inouye et al., 1993)
p_ 1+ cos’ 20
2

The lattice constants and indices were searched by
comparing the observed and calculated spacings
using different combinations of indices within a
particular range of lattice constants and indices. The
final values of lattice constants were determined by
the least squares procedure.

Fourier iteration and molecular
modelling

synthesis

The Fourier procedure for fibre or powder
diffractions has been described in detail (Inouye et
al., 1993; Inouye and Kirschner, 1996, 1997). In
brief:

1.  We first choose the initial phase model which
defines the atomic fraction coordinates (x;,y;,z) for
the jth atom in the unit cell, using initial phases
derived from the Co, CB3, and peptide bonds of the 3



silk backbone (Marsh et al., 1955).

2. Next, we calculate the structure factors
Feaic(hkl) within a given range of hk, and for the
observed unit cell according to

F..(hk) =% f expi2z(hx +ky +1z) ,

where f; is the atomic factor. We use space group P1
(which assumes no symmetry) and calculate the
structure factors for both positive and negative
indices. Inthisreport, the orthogonal unit assigned to
the peptides is not required by symmetry, but simply
happens to be convenient.

3. We next combine the observed structure
amplitudes |Fops(hkl)] and calculated phases
Ocac(hkl). For powder diffraction the observed
intensity is given as the spherically distributed
intensity I4(R) as a function of radial component of
spherical reciprocal coordinates R. Since multiple
indices may contribute to each peak in powder
diffraction, the observed structure amplitudes for the
specified indices are caculated by dividing the
observed intensity in proportion to the calculated
intensities from the model. The observed structure
amplitudes are, therefore given by

£ iy’ ~CORLR)
LP !
where
criy= =M pis the Lorent
_2|Fm(hk|)2 an IS the Lorentz-

polarization factor (see above). The indices hkl for
summation satisfies the condition |R.;—R’|<Ad
where R4 is the radia component of the Bragg
spacing in spherical coordinates, and Ad is a defined
critical value between the observed and calculated
Bragg spacings (usually 0.005 - 0.01 A). Therelative
deviation between the observed and calculated
structure amplitudesis given as

Z Fobs Fcalc
obs-amp - z F

obs|

4. Findly, we use the observed amplitudes and
calculated phases to calculate the electron density
map with XtalView (McRee, 1992), and we fit the
density map with a molecular model built using
Swiss-Modeler (Guex et al., 1999). In most cases,
before building the molecular model, we optimized
the phase from the  silk backbone in the Fourier
iteration procedure by modifying the electron density

distribution, i.e., setting the negative electron
densities (on arelative scale) to zero (Nguyen et al.,
1995; Inouye and Kirschner, 1997). The atomic
model is then modified to fit the newly-derived
electron density map. With the new atomic model,
we then go back to Step (2), and iterate the process
until the R-factor does not decrease further.

Molecular modelling

The three dimensional molecular model is displayed
and manipulated with Molscript (Kraulis, 1991),
XtalView (McRee, 1992), Rasmol (by Roger Sayle),
Swiss-PDB Viewer (Guex, et al., 1999), and
QUANTA (Accdrys, Inc., San Diego, CA, USA).
The secondary structure is determined from the
atomic coordinates using DSSP (Kabsch and Sander,
1983) and STRIDE (Frishman and Argos, 1995;
http://www.embl -heidel berg.de/stride/stride_i nfo.html) .

Theory of one-dimensional disordered lattice

Some prion peptides assemblein vitro to form a slab-
like structure. Stacking along the 3 chain direction of
the slabs gives a strong reflection in the low-angle
region, and subsequent broad intensity maxima. The
former likely arises from the interference of the
disordered lattice, and the latter arises from the
Fourier transform of the unit structure. Sinceasingle
interference peak is observed - i.e., the interference
curve rapidly approaches unity - the lattice is
disordered. In the current report, correct
measurement of the thickness of the dab gave a
crucial constraint to the length of the extended 3
chain, indicating a reverse turn or hairpin. In the
following we describe the Fourier transform of a
one-dimensional lattice having cumulative or non-
cumulative disorder. The formulation follows the
casefor adiscrete helical array (Inouye, 1994). Here,
the disorder parameter is included in the structure
factor, whereas usually it is defined in the
autocorrelation function. The advantage of this
formulation is that the intensity function for a
discrete helical array can be written in closed form
(Inouye, 1994).

We first define a lattice-generating function with
disorder, an auto-correlation function, and an
intensity function for a one-dimensional lattice. The
lattice position is defined by

r=jd+d )

where d is a distance between lattice pointsand §; is



a displacement from the ideal position. The lattice
p(r) isdescribed as
p)=35(r-1), &)

where N is the number of lattice points. The
autocorrelation function, using (1) is

N-1N-1

p(N*p(-N =336k -(i-kd-( -8)]. (3

=0 k=0

Fourier transform of (3) gives the intensity function
as

I(R)=N+3 3

1

expli2z(j - k)dRlexpi2r (5 - 6)R] , (4)

where the summation in the second term is
performed with | # k. Since the observed intensity
refers to the intensity for a statistical average
(denoted by < >) of the positional displacements,
then

N-1N-1

<1(R)>= N+ ¥ S expli2n(j - k)dR] < expli2n (5 - 5,)R] >

®)
To evauate the averaged exponential term, we

assume a probability distribution function for the
positional displacements as shown below.

i

Perfect lattice. When there is no disorder, the
intensity function is written as

| (R) =sin*(Z?NdR) /sin* (7dR)

(6)

Theintensity maxima N2 occur periodicaly at R=1/d
wherel isan integer and N/d istheintegral peak area.
The integral width of the reflection is thus 1/(Nd).
When N is large, the intensity |,(R) iswritten using
adeltafunction

I,(R)=(N/d)L8(R-1/d) @
according to the following relationship
38(x=nx) = (1/x,) 3 exp(i2nmx/ x,) (8)

Non-cumulative disorder. Assuming that 6 and J
are independent and the distribution of ¢, is Gaussian
with zero mean and mean sguare displacement

<&> (Barakat, 1987), the Statistical average of the
displacement in (5) is given by

<expli2n(d —0,)R] >=<exp(i2nd R)> gng

<exp(-i2n8 R) >= exp(-2M) ()
where M = 272R?< &> . Theterm (9) has been called
aDebye-Waller factor for thermal disorder. From (5)
the intensity is given as

<1(R) >= N +exp(-2M )z ”jexp[izn( j—k)dr]  (10)
Substituting j-k by m, and replacing the double sum
by asingle sum yields

<I(R)>=N+exp(-2M )Ng(N —m)[exp(i2zmdR) + exp(-i 2rmdR)]

(11)
The intensity corresponds to an independent
oscillator model of thermal disorder and to static
disorder of the first kind. Including the intensity
function of 1,(R) for aperfect lattice, we rewrite (11)
as

<I(R) >=1,(R)exp(-2M) + N[1-exp(-2M)] .  (12)
Thefirst term indicates that the Bragg intensity of the
perfect lattice is reduced, and the second term
contributes to the diffuse scattering.

Cumulative disorder. When the displacements 6J

and & are not independent, Egelman and DeRosier
(1982) and Barakat (1987) assumed that the
deviation at the jth position is cumulative, then the
jth displacement is written in terms of the previous
ones as

5,=%5, .

Substituting thisin (5) yields

(13)

<expli2n (8 —6,)R] >=< exp[i27tR(§ ) —25. N> (14)

which becomes  <exp(i2iRy8)> for k>j, and

<exp(i2zR¥6)>  for k<j.  According tothe

multivariate characteristic function for zero-mean
uncorrelated Gaussian random variables,

< exp(J_rib:i as)>=exp[-b* <5 > (f a’)/2] (15)

where a; and b are constants, & is arandom variable,

and <&> is the mean square displacement (Barakat,
1987). Averaging over the & in (14) leads to

<expli2rn (6, —6,)R] >=exp(-27°R’| ] —k| <d6’>) for j#K

(16)




This statistical average is the same as the one for a
paracrystalline disorder of the second kind
(Hosemann and Bagchi, 1962; Vainshtein, 1966;
Inouye et al., 1989). Using this representation of the
statistical average in (5), the intensity is given by

<I(R)>=N +§§exp[i2n(j ~K)dRlexp(-27*R*|j — k| < §° >)

(17)

Replacing the double sum by a single sum with

J-k=m (1 <m <N-1) yields

<I(Ry>=N +§(N —m)[exp(i2zmdR) + exp(-i 2zmdR)] exp(-27 ' R'm< 6 >)
(18)

This gives a closed form for a finite number of N
(Vainshtein, 1966),
<I(R)>=Re[N(1+F)/(1-F)]-2Re[(F - F"*) /(1- F)?]

where (19)

F =exp(-2r°R* < 6* >) exp(i 2mdR)

and Re refers to the real part of the function. When
N is large, the second term is negligible, and (19)
reduces to

2
Na-[H®R] )
1+[H(R) | = 2[H (R) Jcos(27dR)
withH(R) =exp(-2r° < 8* > R?).

<I(R)>=
(20)

Results & Discussion

X-ray diffraction from assemblies formed by prion-
related peptides

The X-ray diffraction patterns of SHal06-122,
SHal09-122 ("H1") (Nguyen et al., 1995; Inouye et
al., 2000), and SHall3-120 (A8A) have been
reported (Figure 3 and Table 1). SHal06-122 (Fig.
3A) and SHal09-122 (Fig. 3B) dried from 50%
acetonitrile (AcN) solution show dlightly oriented
diffraction patterns while the lyophilized H1 (Fig.
3C) and ABA (Fig. 3D) dried from 50% AcN show
powder patterns. The wide-angle reflections were
indexed by a two-dimensional orthogonal lattice
with a=9.5-9.6 A and c=10.2-15.9 A, where a is the
hydrogen-bonding direction in the 3 sheet, and c is
the intersheet direction. In the oriented patterns, the
(hQl) reflections were accentuated on the meridian,
indicating that the rotation axis is in the b-direction
(or on the equator). Therefore, macroscopicaly the
sample is dab-like, with the slabs stacked in the
direction of the b-axis.

A strong low-angle reflection is observed at 73 A for
SHal06-122 (Fig. 3A; and Fig. 2A in Inouye et al.,
2000), and at 40 A for AcN-treated H1 (Fig. 3B;
Table 1). In the former, subsequent broad intensity
maxima are observed at 23 A and 13 A Bragg
spacings. The strong reflection likely arises from a
one-dimensional interference function Z(R) for the
stacking of the slab-like structures with period d, and
the broad maxima is from the Fourier transform of
the unit dlab of thickness a (Inouye et al., 2000).
Considering the interference function of Z(R) as the
average intensity function of the one-dimensional
lattice with cumulative disorder (see above) - i.e,
<I(R)> in equation (20) - and using <&> = AZ?, the
intensity function can be written as I(R) = F(RZ(R),
where R is the reciprocal coordinate of the real
coordinate r along the slab stacking direction and the
Fourier transform of a slab with thickness a is given
by F(R)=asinc(raR). The parameters a = 33.6 A and
A =185 A for SHal06-122 having d = 73 A were
determined by searching for the minimum residual
between the observed and calculated intensities
(Inouye et al., 2000). The thickness of 33 A gives a
crucial constraint to the length of the extended 3
chain.

In the wide-angle region of the diffraction patterns
the (201) reflection is strong, whereas the (200)
reflection at ~4.7 A Bragg spacing for ASA and for
lyophilized H1 is much weaker or nonexistent, or for
SHal06-122 and solubilized/dried H1 nearly as
strong as the (201) reflection. This intensity
distribution and the large lattice constant ¢ indicate
that the unit cell contains four B chains, and that
neighboring B sheets are quarter-staggered in the
hydrogen bonding direction (Figure 4A-D, left
panels) as in B silk (Marsh et al.,, 1955). The
intersheet distance is ~8 A for SHal06-122 and
solubilized/dried H1, but ~5 A for Iyophilized H1
and ABA. With the 3 silk backbone asan initial phase
model, the structure amplitudes from the model were
calculated, and compared with the structure
amplitudes extracted from the observed intensity
(Table 1). The electron density maps from the
observed structure amplitudes and phases from the
silk model for SHal06-122 and solubilized/dried H1
(Figure 4A,B: centre panels) show electron density
peaks other than the ones expected from the peptide
backbone. For lyophilized H1 and A8A the B silk
backbone fit well with the observed electron density
map (Figure 4C,D: centre panels). At this stage the
R-factors (i.e, Ropsamp) Were 0.61 and 0.64 for

SHal06-122 and solubilized/dried H1, 0.45 for
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Figure 3. X-ray diffraction patterns of prion-related peptides.
(A) SHal06-122 dried from 50% AcN. (A slight accentuation
of the reflections was observed in the original diffraction
pattern.); (B) H1 (SHal09-122) dried from 50% AcN; (C)
lyophilized H1; and (D) A8A (SHall3-120) dried from 50%
AcN. of SHal06-122 (Figure 2A in Inouye et al., 2000).
Diffraction pattern (A) was previously reported by Inouye et al.
(2000), and patterns (B)-(D) were reported by Nguyen et al.
(1995). Note that the strongest reflection are: 4.56 A (201) in
(A); 4.77 A (200) in (B); 4.44 A (201) in (C); and 4.33 A (201)
in (D).

Figure 4. Electron density maps projected along the chain direction (b-axis) onto the plane defined by the H-bonding (a-axis;
horizontal) and intersheet (c-axis; vertical) directions. (A) SHal06-122 dried from 50% AcN; (B) H1 domain dried from 50% AcN;
(C) lyophilized H1; and (D) A8A. The unit cell projectionsin (A) and (B) contain two molecules, while the ones in (C) and (D)
contain four molecules. The maps were calculated from: (left) amplitudes and phases from the initial model of 8 silk; (center)
observed amplitudes and phases from B silk; and (right) observed amplitudes and phases from the prion model (shown as skeletal
models for all maps). The contours show five levels of electron density; and the contour level steps were defined as one-tenth of
the difference between the maximum and minimum electron densities, i.e., Ap = (Pmax—Pmain)/10. Thefirst contour level was given
by p; = pmax- Ap/2, and subsequent oneswere p, = p1 - Ap, p3 =p2- Ap, P4 = P3- Ap, p5 = pa- Ap. The R-factorsfor theinitial

silk model and the best prion model are indicated in Table 1.

lyophilized H1, and 0.33 for A8A (Table 1). The
large R-factors for the first two peptides are probably
due to not including in the initial model the side
chains of the N-termina domain. The molecular
models of prion peptides including side chains were
built and fit the electron density maps (Figure 4A-D,
right panels).

Atomic models
In H1 (Figure 4B and 5A-C) the intra-chain turn

creates two anti-parallel B-sheets, one that is
constituted by the N-terminal larger residues, and the

other by the aaninerich region.. This structure
agrees with the slab thickness as shown above and
the larger and smaller electron density peaks. While
three schematic molecular packings of H1 and
SHal06-122 dried from AcN were suggested
(Inouye et al., 2000), the structure amplitudes from
the atomic models were not calculated in the past.
We have now built the three models and rotated and
translated the structures by XtalView to test them
against the observed electron density maps (Figure
5A-C): in Model 1, the H1 molecules are registered,
and the B chains are arranged anti-parallel (Figure
5A); in Model 2 the H1 molecules are registered, and



Table 1. Summary of Bragg spacings (in A) and R-factors from PrP-related peptides.

Peptide
H1 H1 ABA

SHa106-122 SHa109-122 SHa109-122 SHal13-120

Sample Preparation —  Dried from 50% Dried from 50% AcN  Lyophilized Dried from 50% AcN
AcN

a(A) 9.50 9.51 9.58 9.52

b (A) - 7.06 - 6.33

c(R) 14.34 15.94 11.84 10.25

B(°) 0 88.41 0 90

Robs-amp (B-silk model)  0.61 0.64 0.45 0.33

Robs-amp (final) 0.34 0.24 0.36 0.36
72.6 (E9)® 39.8 (E9)® 5.91 (Cw) (002) 31.9 (Cw)*®
23.2 (Ew)® 5.67 (Em) (110) 4.44 (Cs) (201) 5.13 (Cm) (002)
12.8 (Ew)" 7.99 (Mw) (002) 3.73(Cm) (202) 4.75 (Cw) (200)
9,49 (Mw) (100) 4.77 (Ms) (200) 2.98 (Cvw) (004) 4.33 (Cs) (201)
7.17 (Mm) (002)  4.57 (Mm) (201) 3.68 (Cw) (112)
4.73(Mm) (200)  3.94 (Mw) (004) 3.26 (Cvw)°©
4.56 (Ms) (201) 3.74 (Mm) (104) 2.82 (Cs)°
3.19 (Cw) (300) 2.97 (Mw) (302)
2.86 (Cvw) (204)

The Bragg spacings are cited in Inouye et al. (2000) for SHal06-122 dried from 50% AcN solution, and in Nguyen et al. (1995)
for H1 (SHal09-122) lyophilized and dried from 50% AcN, and for A8A dried from 50% AcN. The unit cell lattice constants a, b,
cand B areindicated, where a, b and ¢ are in the H-bonding, B chain, and intersheet directions. The unit cell contains two 3-chains
in the H-bonding direction (along the a-axis) and two B-sheets in the intersheet direction (along the c-axis). (In Fig. 4, these
correspond to the horizontal and vertical directions, respectively.) All the observed reflections in the oriented patterns of SHal06-
122 and SHal109-122 (dried from 50% AcN) were indexed with the cylindrical (rotation) axis in the b direction. Because the
meridional axisis defined to bein the direction of the ~4.7 A H-bonding reflection, then the cylindrical axisin the oriented patterns
is on the equator. The meridional location of the sharp (h0l) reflections indicates, therefore, that the scattering object is slab-like.

aThese low-angle reflections likely arise from the interference between slab-like or fibrillar structures that are stacked.
bThese broad intensity maxima likely arise from the Fourier transform of the slab-like unit.

“These reflections are likely from NaCl.

the N-terminal and C-terminal B chains are in a
parallel B-sheet conformation (Figure 5B); and in
Model 3 the H1 molecules are staggered in the
intersheet direction and the 3 chains are anti-parallel
(Figure 4B, right, and 5C). The models were then
used to calculate the structure factors for comparison
with the observed amplitudes. The caculated R-
factors (Ramp-obs) Were found to be 0.46 for the anti-
parallel registered arrangement, 0.37 for the parallel
registered arrangement, and 0.24 for the staggered
arrangement (Table 1). A similar staggered assembly
of reverse-turn SHal06-122 molecules gave an R-
factor of 0.34 (Figure 4A, right); and the atomic
model for the N-terminal aanine-rich domain in
lyophilized H1 (Figure 4C, right, and 5D) and for
ABA gave similar R-factors of 0.36 (Figure 4D,
right), which is nearly the same astheinitial R-factor
derived using the B silk backbone (Table 1).

Molecular interpretation

Lysine residues are spatially localized close to one
another (as are histidine residues) in both the anti-
paralel and paralel B chain models (Figure 5A,B);
however, because of electrostatic repulsion, such
arrangements may not be stable. In the staggered
arrangement (Figure 5C), by contrast, the histidine
and lysine residues are close together. If the positive-
charged lysine residue is directed toward the
aromatic ring of the histidine, the staggered
arrangement may, in fact, be stabilized. In this
arrangement Hisl1l of one molecule is closely
positioned to Lys110 of the neighboring molecule.
The atomic model indicates that the neighboring
residues of Hisl11 are Alal13, Alall7, and Lys110.
When a larger valine residue substitutes for Alall7
in the GSS mutation, His111 will interact with valine
more strongly due to van der Waals contacts. Thus, in
PrP having the GSS substitution the folded 3 sheet
structure may be stabilized. The interaction between



Figure 5. Molscript representations (upper) and electron density projections (lower) based on structural analysis of X-ray fibre
diffraction patterns of H1 (SHal09-122). (A) anti-parallel, (B) paralel, and (C) staggered arrangement of H1 dried from 50% AcN;
and (D) lyophilized H1. Upper: The molecular model which fits the observed electron density map shows two B chains, where
Gly114-Alall5 are at the v inverse turn (as defined by STRIDE; Frishman and Argos, 1995). Lys110, Hisl11 and Alall7 are
indicated by the ball and stick models. Note that the Lys side chains (and those of His) are close together in the anti-parallel and
parallel arrangements while Lys and His are adjacent to one another in the staggered arrangement (C). In the lyophilized sample
(D), the danine-rich domain asaf} strand fits the electron density distribution, and the 3F4 domain islikely disordered (not shown).
Lower: XtalView representations of skeletal models superposed on the electron density projection along the chain direction of H1.

H-bonding is horizontal, and the intersheet direction is vertical.

histidine and lysine is not unprecedented. For
example, the NMR structure of CD59 (which inhibits
formation of the membrane attack complex) shows
that lysine interacts with histidine, and forms a motif
that marks this complement regulator as a potential
glycation target (Fletcher et al., 1994; Acosta et al.,
2000).

Comparison with previous models of binding
interface

Arguments based on sequence differences and the
species barrier to prion infectivity have led to the
suggestion that the 3F4 antibody-specific epitope
(residues 109-112) is at the binding interface for the
PrPC-PrPS¢ heterodimer (Schétzl et al., 1995;
Warwicker, 1997). The binding interface was
established by identifying peptides that can inhibit
the cell-free replication of PrPSe. Such peptides
likely interact at the heterodimer interface and block

the binding of PrPC to PrP. Horiuchi et al. (2001)
found that peptides SHal19-136, SHal66-179 and
SHa200-223 inhibit the binding, and Chabry et al

(1998) identified SHal06-141 as having a similar
effect. Since the 3F4 epitope in the PrPSC isoform is
not reactive to the antibody (Peretz et al., 1997), the
molecular conformation of this region most likely
changes when heterodimerization occurs, such that
the domain becomes exposed on the surface of the
protein. Previous molecular modelling (Warwicker,
2000) suggested that the interface is Alal18-Alal33
and that the corresponding domains of the two
molecules interact with each other. This domain was
modeled as a reverse-turn anti-parallel B chain with
the turn at Gly126-Gly127. The side chain
interaction in the intersheet direction was via H-
bonding between the S atom of Met129 and N-H in
Gly124, and via van der Waals interactions between
Val122 side chains. This model, however, agrees
neither with our model which shows the turn in the
H1 domain (residues 109-122; vy inverse turn as
indicated by STRIDE; Nguyen et al., 1995; Inouye
and Kirschner, 1998) nor with the crystallographic
finding of an Q turn that involves residues 104-113
near the 3F4 epitope (Kanyo et al., 1999). While
neighboring B chains appear to be hydrogen-bonded



to one another in most proteins (as in the PrP dimer:
Warwicker, 2000), there are examples (like in H1)
where the two [ chains are not H-bonded but interact
across the intersheet space, e.g., the Q turn for the
Fab3F4 epitope in prion (Kanyo et al., 1999), and
turn 11 (residues 7-20) of bovine myelin PO-
glycoprotein (Shapiro et al., 1996). Molecular
dynamics simulation (Levy et al., 2001) aso shows
a similar reverse-turn model with the two chains
interacting across the intersheet space of PrP106-
126. A recent model of Alzheimer's B-protein in the
amyloid fibril based on solid state NMR shows a
similar folding (Tycko, 2003).

Conclusion

From an analysis of X-ray fibre diffraction patterns
of prion-related peptides, we observed structural
polymorphism (two different conformations) for the
H1 domain - one folded and the other unfolded. In
the former the 3F4 epitope region isa 3 chain, while
in the latter the epitope does not assume this
conformation and is likely to be exposed on the
protein surface. The folded structure is stabilized by
an interaction between His111 and Alall7. Cell-free
replication of PrP requires a partial denaturation of
PrPS¢ which exposes the 3F4 epitope domain on the
protein surface. The conformational transformation,
termed template breathing (Caspi et al., 1998),
therefore, involves the folding — unfolding of the
H1 domain. The intermolecular packing
characterized by our fibre diffraction analysis
indicates that the alanine-rich domains are hydrogen-
bonded together, which may be the mgor binding

force driving the interaction of PrPC and PrPSc,
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