1716 Biophysical Journal Volume 83 September 2002 1716-1727

Molecular Organization of Amyloid Protofilament-Like Assembly of
Betabellin 15D: Helical Array of 3-Sandwiches
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ABSTRACT Betabellin is a 32-residue peptide engineered to fold into a four-stranded antiparallel B-sheet protein. Upon air
oxidation, the betabellin peptides can fold and assemble into a disulfide-bridged homodimer, or B-sandwich, of 64 residues.
Recent biophysical and ultrastructural studies indicate that betabellin 15D (B15D) (@ homodimer of HSLTAKIpKLTFSIAph-
TYTCAVpKYTAKVSH, where p = DPro, k = DLys, and h = DHis) forms unbranched, 35-A wide assemblies that resemble the
protofilaments of amyloid fibers. In the present study, we have analyzed in detail the X-ray diffraction patterns of B15D
prepared from acetonitrile. The fiber diffraction analysis indicated that the B15D fibril was composed of a double helix defined
by the selection rule | = n + 7m (where [ is even, and n and m are any integers), and having a 199-A period and pitch, 28-A
rise per unit, and 10-A radius. This helical model is equivalent to a reverse-handed, single helix with half the period and
defined by the selection rule | = —3n + 7m (where | is any integer). The asymmetric unit is the single B15D B-sandwich
molecule. These results suggest that the betabellin assembly that models the protofilaments of amyloid fibers is made up of
discrete subunits on a helical array. Multiple intersheet hydrogen bonds in the axial direction and intersandwich polar

interactions in the lateral direction stabilize the array.

INTRODUCTION

Betabellins (beta-sandwich bell-shaped proteins) are a se-
ries of proteins designed de novo to explore the basic
principles of protein folding (Richardson and Richardson,
1989). Betabellin 15S (B15S) is a 32-residue polypeptide
chain having the sequence HSLTAKIpKLTFSIAphTYT-
CAVpPkYTAKVSH (where p = DPro, k = DLys, h =
DHis) in which the D-amino acid residues have been stra-
tegically positioned to favor formation of type-l’ B turns
(Yan et al., 1993, 1995). Air oxidation of B15S yields a
64-residue, disulfide-bridged, two-chain molecule betabel-
lin designated 15D (B15D) (Lim et a., 1998, 1999). In 5.0
mM 3-(N-morpholino)propanesulfonate and 250 mM NaCl
at pH 7, B15D forms a 35-A wide fibrillar structure (Lim et
al., 1998, 2000) that is unbranched and resembles the pro-
tofilaments of amyloid fibrils (Shirahama and Cohen, 1967;
Fraser et al., 1991). The B15D assemblies bind Congo red
and display an apple-green birefringence (Lim et al., 2000).
X-ray diffraction patterns of B15D samples dried from
aqueous solution give astrong meridional reflection at 4.7 A
and a broad equatorial reflection at ~10 A, indicating that
the B strands are oriented nearly perpendicular to the fibril
axis (Lim et a., 2000). The B15D fibrillar structure has
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been proposed as a candidate for deriving a detailed molec-
ular model of amyloid fibril assemblies (Lim et al., 2000).

X-ray diffraction has been used to study structure and
assembly of a variety of amyloid fibers. These include the
fibrils associated with neurological diseases, i.e., Alzhei-
mer’s B-amyloid protein (Fraser et al., 1992; Inouye et al.,
1993; Malinchik et al., 1998), and prions (Nguyen et al.,
1995; Inouye and Kirschner, 1997, 1998; Inouye et al.,
2000), and with Familial amyloidotic polyneuropathy
(FAP) (Blake and Serpell, 1996; Inouye et al., 1998). All
diffraction patterns show wide-angle reflections that can be
interpreted as arising from B-crystallites with the hydrogen-
bonding direction running along the fiber axis. With the
B-chains running normal or approximately normal to the
fiber direction, the fibril is formed by the g-chains in a
“cross-B” arrangement. AB(1-40) and AB(9-29) give
small-angle meridional reflections that suggest a 50—70-A
periodicity along the H-bonding direction (Inouye et al.,
1993), and FAP fibrils give successive wide-angle meridi-
onal reflections that indicate a longer periodicity along the
fiber (Blake and Serpell, 1996; Inouye et a., 1998). Because
the constituent transthyretin (TTR) molecule in the FAP
fibril contains B-chains, the longer period can arise from the
stacking of TTR monomers with the H-bonding between the
B-chains aligned along the fiber direction (Inouye et al.,
1998).

In the present study, we show for the first time the
low-angle layer lines that are characteristic of the helical
array from the B15D assemblies dried from acetonitrile
(ACN). Analysis of these X-ray patterns indicated that the
B15D molecules are arranged as a double helical array
defined by the selection rulel = n + 7m (where| is even,
and n and m are any integers), and having a 199-A period
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and pitch, 28-A rise per unit, and 10-A radius. This helical
array is equivalent to a reverse-handed, single helix with
half the period and the selection rule| = —3n + 7 m (where
| is any integer). The asymmetric unit is the single B15D
B-sandwich molecule. The overall molecular organization
of betabellin that models an amyloid protofilament thus
consists of a double helical array of B-sandwich molecules.

MATERIALS AND METHODS
Engineering of B15D

The de novo design, solid phase synthesis, purity, and biophysical char-
acterization of B15D has been described previously (Lim et al., 1998,
1999). The stock solutions were 250 uM B15D (~1.7 mg/mL), 50 mM
3-(N-morpholino)propanesulfonate at pH 7 (Sigma Chemica Co., St.
Louis, MO), and 2.0 M NaCl (Fisher Scientific, Pittsburgh, PA). These
solutions were prepared using the in-house reverse osmosis-purified water,
which was further purified by passage through a Hydro Picotech 2 water
purification system (Research Triangle Park, NC). All solutions were then
filtered through Millipore Ultrafree-MC 0.22-um centrifugal filters (Bed-
ford, MA).

Previous model of B15D

A previous molecular model of the B15D fibril (Lim et al., 1998) has fibril
dimensions that are consistent with those determined by electron micros-
copy (Lim et d., 1998, 2000), and shows a cross-B arrangement of the
B-strands, which is consistent with the X-ray diffraction patterns (Lim et
al., 2000). Secondary structure algorithms (pssp by Kabsch and Sander,
1983; and sTRIDE by Frishman and Argos, 1995) predict the same second-
ary structure mapping shown by the molecular model—i.e., four extended
B strands (e) interspersed by three B turns (t):

HSLTAKI pkLTFSI AphTYTCAVpk YTAKVSH
eceeeeet t eeeeeet t eeceeeet t eeeeee

The model proposes that the 8 strands in the one-dimensional stacking of
the B15D molecules are tilted by =15° from the direction perpendicular to
thefibril axis (Lim et a., 1998). The asymmetric unit in the assembly isthe
individual B15D molecule. In the present study, we have used the atomic
coordinates from this molecular model of the B15D molecule as the
asymmetric unit in the helical array. The physicochemical characteristics of
the sequence were analyzed by methods involving Fourier transform and
averaging (Inouye and Kirschner, 1991).

X-ray diffraction of B15D

A lyophilized B15D sample was dissolved in 50% ACN, resulting in a
10-15 mg/mL solution. This solution was filtered, vortexed to ensure
complete mixing, and centrifuged at 16,000 X g for 20 min. The super-
natant was then slowly drawn into siliconized, thin-walled glass capillary
tubes (0.7-mm outer diameter; Charles A. Supper, Co., South Natick, MA).
The tubes were seded at one end and placed in a 2-Tesla permanent
magnet (Charles A. Supper, Co.; Oldenbourg and Phillips, 1986). The
solvent was then allowed to evaporate slowly under ambient conditions.
When the solutions had dried to small, uniform disks, the capillary tubes
were removed from the magnetic field and transferred to an x-ray diffrac-
tion sample holder.

X-ray diffraction patterns were obtained by using nickel-filtered, dou-
ble-mirror focused CuK« radiation from an Elliott GX-20 rotating anode
x-ray generator (GEC Avionics, Hertfordshire, U.K.) operated at 35 kV
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FIGURE 1 X-ray diffraction of B15D (dried from 50% ACN) with the
incident beam perpendicular to the fibril axis (vertical). The exposure time
was 121 h, and the specimen-to-film distance was 86.0 mm. The spacings
are shown in Table 1 (column A) and Table 2 (column 3). The origina
pattern was densitometer-traced using a 50-m raster. The image presented
here has been contrast-enhanced for clarity.

and 35 mA. The patterns were recorded on Kodak DEF film (Rochester,
NY) with exposure times of 100121 h (Fig. 1 and Table 1). The known
Bragg spacing of calcite (3.035 A) was used to calibrate the specimen-to-
film distance (74.0 and 86.0 mm). The diffraction patterns were digitized
at 50-um resolution using a personal S| densitometer (Molecular Dynam-
ics, Sunnyvale, CA). The machine readout (in optical density units, OD)
was calibrated internally and confirmed to be linear from 0 to 3 OD using
the known optical density of a Kodak Step Calibration Tablet (No. 2; range
from 0.04 to 3.03 OD). The digitized image was displayed on NIH IMAGE
(developed at the U.S. National Institutes of Health and available at
http://rsb.info.nih.gov/nih-image/). The intensities along layer lines and
meridional and equatoria directions were plotted by selecting narrow
windows. The background curves were approximated as polynomials and
subtracted from the measured intensity data (Inouye et a., 1989). On the
equator, Bragg reflections arising from the hexagonal lattice and the
intersheet reflection at ~10 A were observed. Each reflection was assumed
to be a Gaussian function. Measurements of the integral widths and integral
intensities of the reflections were obtained by fitting the background
corrected intensity profile to multiple Gaussian functions. The actual fit to
the observed intensity curve was carried out by optimizing the input data
(i.e., the peak height and half width) using aleast-square procedure (Inouye
et d., 1989). The integra width B of the direct beam, determined after
Gaussian approximation, was 1.86 X 10 2 A~ — 260 X 10 2 A%,

For adiscrete helix—i.e., one having a finite number of lattice points N,
rise per unit h, and disorder parameter 8 = exp(—n? (§%)/2 — 27°Z%(A?)),
where n is the Bessel order of J,, 8 and A are random angular and
translational disorders at axial coordinate Z (as measured by the standard
deviation of a Gaussian function)—paracrystalline theory indicates that the
observed integral width squared for an x-ray reflection is given by w2, =
B? + 1/(Nh)?> + [(1 — B)/2h]?, where 1/(Nh) is the integral width of the
coherent length for a perfect lattice (Inouye, 1994; Appendix). The disorder
parameters were derived from the known observed integral widths of the
direct beam and the layer line along the fibril direction.

The fibril tilt angle B was calculated according to tan(B) = (v; +
V,)(1 — A?D?/2)/(s\?D?), where v, and v, are the corresponding v-axis film
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TABLE 1 Observed Bragg spacings (A) for B15D

diffraction patterns

Sample A Sample B Sample C
24.8 (Evs) 30.9 (Ew) (12) 47.7 (Em) (01)
9.08 (E’ 9) 15.9 (Em) (22) 28.1(Em) (11)
4.80 (Ew) 114 (E' m) 16.1 (E vw) (03)

5.00 (E w) 10.4 (E' m)
88.4 (M’ w) 2 33.2 (M vw) 33.2 (M w)
442 (M’ ) 4 23.9 (M vw) 24.1 (M vw)
33.2(M'm)6 18.0 (M w) 16.8 (M vw)
17.7 (M’ vw) 12 14.0 (M w) 14.4 (M w)
14.0 (M w) 14 9.94 (M w) 9.18 (M vw)
9.91 (M w) 20 8.94 (M w) 7.10 (M w)
8.79 (M vw) 22 7.10 (M w) 6.60 (M’ w)
7.69 (M’ vw) 26 6.45 (M w) 4.98 (M’ m)
7.10 (M w) 28 4.91 (M w) 4.72 (M vs)
6.44 (M’ vw) 30 472 (M vs) 412 (M w)
5.17 (M vw) 38 4.09 (M vw) 3.60 (M)
4.91 (M’ w) 40 3.71(M")
4.76 (M vs) 42
4.12 (M vw) 48
3.67 (M)

Three B15D samples dried from ACN solution gave well oriented diffrac-
tion patterns showing many layer lines. Variations in spacings for different
samples are likely due to different hydration. The equatorial reflections
were indexed by hexagona lattices (Table 2). The intensities are qualita-
tively indicated by vs, very strong; s, strong; m, medium; w, weak; and vw,
very weak.

Reflections that were clearly off-meridional are indicated by M’, otherwise
by M. E, equator; E', off-equator.

Sample A, whose pattern is shown in Fig. 1, is so well-oriented that some
reflections are clearly off-meridional. However, most of the reflections on
layer lines were labeled M owing to disorientation, asin Samples B and C.
The ~10-A equatorial, ~4.7-A meridional, and ~3.7-A off-meridional
reflections are characteristic of cross-B sheets in an orthogonal lattice.
When Sample C was oriented with its hydrogen-bonding direction parallel
to the incident x-ray beam, 2D reflections at 48.2 A (E s) (10) and 26.6 A
(E’ m) (11) of 54.4-A unit cell hexagonal |attice were observed. The fibril
tilt angle was 7.7° for Sample A and 3.5° for Sample B. A stronger 4.7-A
reflection indicates a greater amount of fibril tilting owing to intersection
with the Ewald sphere. The coherent domain size in the fibril direction of
Sample A was ~160 A from the integral widths (Gaussian distribution) of
the strictly meridional reflections at 14 A and 7 A, assuming there was no
lattice disorder. In the presence of trandlational disorder (Inouye, 1994), the
domain size should become larger than the 199-A fibril period. The
minimum estimate of the domain size along the equatorial direction was 25
A based on the width of the ~10-A intersheet reflection. This size is
similar to that for the two B sheets of the B15D molecule (Lim et a., 1998).

coordinates (vertical direction) for the reciprocal points (R, Z) and (R, —2),
A is the x-ray wavelength, D is the amplitude of a position vector in
reciprocal space, which is the inverse of the observed Bragg spacing, and
sisthe specimen-to-film distance (Inouye et al., 1993). A positivetilt angle
B corresponds to the fibril axis tilted away from the Ewald sphere. The v
coordinate is written in terms of the u coordinate (horizontal direction) as
v? = 2 — U?, wheret is the distance of the reflection from the origin of the
film (the position at which the incident beam impinges on the flat film) and
isgiven by t = stan{ 2[asin(DA/2)]}. Thetilt angle was measured as —7.7°
and —3.5° from two highly oriented fibril patterns (Table 1, Samples A and
B). Note that tilting the fibril toward the Ewald sphere gives a stronger
meridional 4.7-A reflection. Thistilt angle was taken as an average; and its
variation was not measured. In this study, we assumed that the reciprocal
coordinates were fully mapped on the film coordinates due to variations of
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fibril tilt angle and that the broadening of the reflections due to fibril
disorientation was within the area of the narrow windows selected on the
NIH Image display.

Molecular modeling

Molecular models were displayed and manipulated using MOLSCRIPT
(Kraulis, 1991), XtalView (McRee, 1992), and Swiss-PDB Viewer (Guex
and Peitsch, 1997; Guex et a., 1999). The secondary structure was deter-
mined from the atomic coordinates with pssp (Kabsch and Sander, 1983)
and strRIDE (Frishman and Argos, 1995; http://www.embl-heidelberg.de/
stride/stride_info.html). The MoOLSCRIPT representation was based on the
assigned « helix and B strand. The number density of the amino acids was
calculated as a function of distance from the center of mass. The size and
the projection of the molecule were calculated from the atomic coordinates
as previously described (Inouye et al., 1998).

RESULTS
Characteristic cross-p reflections

Three diffraction patterns of B15D dried from ACN (Fig. 1,
Table 1) were analyzed. The fibril axis was in the meridi-
onal direction and was assigned as a cylindrical axis. All
patterns showed a strong and intense 4.7-A meridional
reflection, a 3.7-A off-meridional reflection, and an ~10-A
broad equatorial reflection. These reflections are indicative
of a cross-B conformation (Geddes et al., 1968; Inouye et
al., 1993). Thefibril axis was approximately in the direction
of hydrogen bonding. The above reflections were indexed as
(200), (210), and (001) of an orthogonal unit cell having
dimensionsa=9.4A,b=6.6A,andc = 10 A, wherethe
a, b, and c axes correspond to the hydrogen bonding, chain,
and intersheet directions (Fig. 1, Table 1). Small variations
in Bragg spacings of these reflections (Table 1) likely arise
from different hydration in the samples.

Equatorial reflections

Low-angle equatoria reflections varied for the different
samples athough they all had been prepared in the same
way by drying from 50% ACN (Table 2 and Fig. 2). There
were three distinctly different types of equatoria low-angle
reflections: 1) two reflections at 43-48 and 2428 A (Table
2, Samples 1 and 2); 2) asingle reflection at 25 A (Table 2,
Samples 3 and 4); and 3) two reflections at 31-39 and
16-18 A (Table 2, Samples 5 and 6). The reflections were
indexed by a two-dimensional hexagonal lattice having a
unit cell of 49-56 A (type 1) or 62-78 A (type 3) (Table 2).
Theintensity of the (01) reflection was aways less than that
of the (11). The positions of these intensity minima at 0.031
and 0.051 A~ corresponded to the first and second zeroes
of the Fourier transform for either a tubular or solid cylin-
der. Our calculationsrevealed that the relative error between
the observed and calculated intensity was smaller for a
tubular versus solid cylinder, thus favoring the former as a
better approximation to the fibril structure at low resolution.
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TABLE 2 Summary of equatorial spacings
Sample
1 2(C) 3(A) 4 5(B) 6

Spacing (A) 43.0 (01) 47.7 (01) 24.8 253 30.9 (11) 38.7 (11)

243 (11) 281 (11) 15.9 (22) 17.5 (04)

16.1 (03)

Intersheet (A) 9.26 10.4 9.08 9.32 11.4 11.2
Angular split (°) 20 20 15
r. (A) 15 15 19 24
a(h) 49.2 55.6 61.7 775
R 0.04 0.26 0.35 0.27

The equatorial spacings (A) are summarized for different samples prepared by drying from ACN solution. Samples 3, 5, and 2, respectively, are the same
asA, B, and C of Table 1. The diffraction pattern for Sample 3(A) is shown in Fig. 1. The difference in spacing among the samplesislikely due to different
hydration. The two-dimensional indices of the hexagonal lattice (lattice constant @) are shown in the parentheses. Because the intensity maximum of the
intersheet reflection was off-equatorial, the angular split between the two reflections across the equator was measured on the enhanced diffraction patterns
using NIH Image. The tubular radius r, was derived from the expected intensity minima or maxima and used as an initial phase model. The agreement
between the observed and phase model was evaluated by the relative residual between the observed and calculated structure amplitudes (Rypp.ons)- The
intersheet spacing clearly decreases with the decrease in the lattice constant. The angular split appears to be larger for the smaller intersheet spacing.

The radius of the tubular structure was measured as 15-24
A (Table 2), which is consistent with the measured radius of
B15D fibrils from electron microscopy (Lim et a., 2000).
The calculated electron density maps projected aong the
fibril direction (Fig. 2, insets) showed looser packing of the
tubular fibril assembliesin samples having larger hexagonal
unit cells.

The intersheet separation varied such that larger values
correlated to larger tubes that were arrayed in larger hex-
agonal lattices. For example, the 11-A intersheet spacing
was observed for the samples having lattice constants of
61.7 and 77.5 A. A smaller intersheet separation of 9 A was
observed for the 49-A Iattice. A broad equatorial reflection
at ~10 A, which covered the layer lines| = 0—6, was not
strictly on the equator. The angle between the intensity
maximum and the equator (“angular split” in Table 2)
suggested that the intersheet direction in the B sheet was
more tilted from the direction perpendicular to the fibril axis
for the smaller than for the larger lattice—e.g., 20° for a =
55.6 A versus 15° for a = 61.7 A. These observations may
indicate that the two B sheets are offset or dide past one
another in the fibril direction and are tilted more as the
lattice unit cell decreases.

Layer lines

The diffraction pattern contained many layer lines with
near-meridional reflections (Fig. 1 and Table 1). These
reflections were interpreted as arising from a discrete helical
array described by the selection rule | = n + 7m, where n
and m are integers. The fibril period ¢ and pitch P are 199
A, and the rise per unit (h) is 28 A. As a result, the strong
meridional reflection at 4.76 A wasindexed as| = 42, n =
0, and m = 6 (Table 3). Because the odd order layers were
not clearly defined, they were indexed as even orders, and
the selection rule was written alternatively as|l = 2| = n +

7m,withc=199A; h=28A: 1’ n, and mareany integers;
and | is an even integer. This expression can be denoted
equivaently asl’ = 4n + 7min the same sense and |’ =
—3n + 7min the opposite sense withc = 199/2 A and h =
28/2 A. The absence of odd orders in the helical lattice of
period ¢ = 199 A was interpreted as arising from parallel
double helices in the former or a generic single helix in the
latter (Appendix). In the following description, the layer
line number is indicated by I, and the period ¢ is 199 A.

The helix radius r, refers to the position of the center of
mass from the axis of the helix for the asymmetric unit. The
average value 10.2 A that was obtained for the radius was
estimated from the peak position on the selected layer lines
of 88, 44, 33, and 4.91 A (I = 2, 4, 6, and 40) corresponding
to J,, J, J_4, @nd J_, intensity maxima (X = 27R,
where 1/R is the Bragg spacing along the radia direction),
i.e, 3.1,54,18 and 3.1 A (Table 4).

Given 0.74 cm®/g as the specific volume for proteins
(Matthews, 1968), 7022 Da as the molecular mass for B15D
(Limet al., 1998), and 124,375 A as the volume of the unit
cel 25 A x 25 A x 199 A, where 2 A is from the
equatorial reflection (Table 1, Sample A) and 199 A is the
periodicity along the fibril axis), we calculated that there
were 14 B15D molecules within the unit cell. Because a
single helix consists of 7 units per axial period, this number
closely agrees with the 14 molecules for the double helix.

Model calculations

The molecular model of the asymmetric unit on a helical
array was built and then was tested against the low-angle
region of the observed intensities near the meridional axisin
the range of radial coordinates up to 0.07 A~* on layer lines
| = 2,6, 14, and 28 (Table 3). The equatoria intensity and
the higher layer lines were not used for comparison with the
calculated intensity, because the interference between fibrils

Biophysical Journal 83(3) 1716-1727
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FIGURE 2 Observed equatoria intensities (normalized) as a function of radial coordinate (1/A) for the different samples. The reflections are shown in Table
2. The unit cell constant for the hexagonal lattice is a. (A) Sample 1 (solid line) a = 49.2 A and Sample 3 (dashed line). (B) Sample 2, a = 55.6 A. (C) Sample
5 a=617A. (D) Sample 6, a = 77.4 A. Insets The XtalView output of the electron density projection along the fibril direction as derived from the observed
equatorial reflections and the phases of the tubular model. The intensities of the Bragg reflections arising from the hexagona lattice and the intersheet reflection
a ~10 A were measured from the multiple Gaussian curves, which, after background subtraction, fit the observed total intensity to ~0.15 A%, The circular
tube-like electron density likely corresponds to the B15D fibril. When the hexagona lattice constant increases, the size of the fibril increases.

is dominant on the equator, and it is experimentally very
difficult to distinguish between meridional and nonmeridi-
onal diffraction on the higher layer lines.

A three-dimensional molecular model for B15D has been
proposed (Lim et al., 1998). Secondary structure mapping
by pssp and stripe showed that the extended B-strands and
B-turns alternate in the structure (see Materials and Meth-
ods, Previous model of B15D). The size of a B15D mole-
cule was measured as 22 A x 36 A x 28 A aong the x, y,
and z axes. The size in the z direction is similar to the rise
per unit h for the helix defined by | = n + 7m, and y is
similar to the fibril size (35 A) as observed by electron
microscopy (Lim et a., 1998, 2000). These similarities in
size suggest that the B15D monomer is likely an asymmet-
ric unit on a helical array. The previous model (Model 1)
indicates that four B-chains form one B-sheet, and two
parallel B-sheets congtitute the periodic unit of the fiber.
The two B-sheets are tilted from the fiber direction. Two
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other similar but variant models were also considered.
These were constructed manually using molecular graphics
programs (see Materials and Methods). For one (Model 2),
the B15D molecule was tilted so that the H-bonding of one
of the two B-sheets per molecule was aligned parallel to the
fiber axis (Fig. 3). For the other (Model 3), the H-bonding
directions of both B-sheets were put parallel to the fiber
axis, resulting in a structural unit different from that in
Models 1 and 2.

The cylindrically averaged intensity on the layer lines
was calculated from the atomic coordinates of the three
different models for an asymmetric unit according to the
equation cited for a parallel double helix (Appendix) (Fig.
3). The values chosen were: helical radius = 10 A, fibril
periodc = P = 199 A, and rise per unit h = 28 A asderived
from the x-ray diffraction data (Table 3 and 4). The second
helix in relation to the first one was given by ¢, = 0 and
75 = 199 A/2 (see Fig. 3 and Appendix).
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TABLE 3 Layer line spacings
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TABLE 4 Helix radius r,, measured from layer line data

I n dobs dcalc
0 0
1 1 199.0
2 2 88.4 99.5
3 3 66.3
4 4 44.2 49.7
5 -2 39.8
6 -1 332 332
12 -2 17.7 16.6
14 0 14.0 14.2
20 -1 9.91 9.95
22 1 8.79 9.04
26 -2 7.69 7.65
28 0 7.10 7.10
30 2 6.44 6.63
38 3 517 523
40 -2 491 4.97
42 0 4.76 4.73
48 -1 412 414

Spacing of the layer linesis (I/c), where | is layer line number defined by
| = n + 7m and c is the periodicity along the helical axis. Here, the
periodicity is the same as pitch ¢ = P = 199 A, and the unit rise h is 28
A. The relative error between the observed and calculated spacings was
6.4%.

The maximum n,,, = 27 Ry Bessel term of J,, was
as previously given (Inouye et al., 1993). For example, the
Nax fOr the equatoria position was 15, given| = 0, R, =
0.25 A~ andr, = 10 A. The Fourier—Bessel transform was
calculated within the range — 15 < n < 15, where n satisfies
the selectionrule| = un + vm. As expected from the theory
of parallel double helices (Appendix), the odd-order layer
lines were absent, consistent with the observations.

The R factor was defined to measure the agreement
between the observed and calculated structure amplitudes
according to

fiber axis

Z-axis R-axis rh
R) Layer line A) Joterm Xy = 271,R R)
884 2 20.1 2 31 9.91
44.2 4 9.94 4 54 8.54
332 6 44.4 -1 1.8 12.7
491 40 19.7 -2 31 9.73

The layer lines are indicated by the Bragg spacing (A) aong the fibril
direction (Z-axis) and layer line number. The intensity maximum along the
radial direction (R-axis) is shown as a Bragg spacing (A). It corresponds to
the intensity maximum of the J,, term, as indicated by X The helix
radius is given by r,, (A).

R= 3 Foa] ~ Faell| = IFue].
where
jz |Fobq|2 = ]E |Fcalc,|2'

Both observed and calculated intensities, i.e., the squared
structure amplitudes, were sampled by 0.00125 A1, The |
in the equation refers to the discrete structure amplitude.
The summation covers intensities over the radial coordinate
at al the selected layer lines. Here the observed radia
componentsin the cylindrical coordinates are in the range of
0.00125 and 0.07 every 0.00125 A (¥s00 A). For each model
(Model 1, 2, or 3), two sets of intensities were cal culated—
from the peptide backbone alone and from the molecular
structure containing all atoms including side chains. The R
factors for the structure containing all atoms for three mod-
els were larger than those for the peptide backbone (see the
in-text table). Among the models that were studied here, the
peptide backbone of Model 2 gave the best fit to the ob-
served data (R factor = 41%; Fig. 4). Therelatively large R
factor appears to come from the noise level of the observed

FIGURE 3 MoLscripT representation of the double helical B15D Model 2. (Left) Projection along the radial direction. The constituent single helices are
shown in the left and right parts, and the double helix is shown at the center. For clarity, the individual helices are colored differently. (Right) Projection
along the fibril direction from the double helical part that contains four B15D asymmetric units per single helix, and shown at ~ X2 compared to the radial
projection on the left. The helical array of B15D molecules presented here was constructed in the following manner. First, the Cartesian coordinates (X,
y, 2) of the B15D Model 2 were defined as described in the previous study (Lim et al., 1998). Second, the center of gravity of the B15D molecule (X,, Yo,
Z,) was determined. Third, the coordinates (x, y, z) were modified according to (x—Xo + I, Y-Yo, ZZ,), Wherer, isthe helical radius. Fourth, the Cartesian
coordinates were trang ated to cylindrical coordinates (r, ¢, 2), wherer? = (x-Xo + 1) + (Y-Yo)? and ¢ = acos[(x—X, + r,)/r,]. Fifth, aseries of coordinates
(r, ¢ + 2mnh/P, z + nh) was calculated by choosing sequential integer n. Finally, the cylindrical coordinates were converted back to Cartesian coordinates.
The modeled fibrillar structure in the helical array was derived using the parametersr, = 10 A, c = P = 199 A, and h = 28 A. The size of the model
was determined to be 40 A, which is similar to the 35-A fibril size measured from electron micrographs (Lim et al., 1998, 2000). The parallel double helical
model was built by transferring the atomic coordinates by one-half period in the fibril direction (z-axis). The angular displacement ¢, was set to zero, and
75, was 199 A/2 (refer to Appendix for nomenclature).

Biophysical Journal 83(3) 1716-1727
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FIGURE 4 Comparison of the caculated (Modd 1, dashed line; Model 2, solid line; Modd 3, dash-point-dash) and observed (filled circle) amplitudes on
selected layer lines|. (A) | = 2. (B) | = 6. (C) | = 14. and (D) | = 28. The curves were scaled so that the total intensities on these four layer lines became unity
(see the definition of R-factor). The observed intensities were derived by extracting the image datawithin the narrow window on NIH image display and subtracting
the polynomia-fit background. The calculated intensities of the near-meridional reflections show similar intensity maxima and minima as the observed reflections,
indicating that the helix radius was correctly measured as 10 A. The best fit was observed for the backbone structure of Model 2, which is shown in Figure 3.

intensity, because a Gaussian fit to the direct beam by itself
gave an R factor as high as 27%.

Model 1 Model 2 Model 3

48% 48% 2%
45% 41% 58%

Total structure
Peptide backbone

An antiparallel double helix was also studied by compar-
ing the observed and calculated intensities (not shown);
however, this model gave intensities for the odd-order layer
lines, which were not seen in the observed diffraction pat-
tern. Therefore, the parallel double helix is a better model
for the B15D fibril.

DISCUSSION
Comparison with the transthyretin amyloid fibril

A continuous B-sheet helix, based on andysis of fiber
diffraction from FAP fibrils, has been proposed as the
universal molecular structure for amyloid fibrils (Blake and
Serpell, 1996, Sunde et a., 1997). The selection rule of the
helix in their model indicates| = n + 24m,c = P = 1155
A and h = 4.8 A. Because the rise per unit h corresponds to
the hydrogen bonding distance between B-strands, the helix
is formed by continuous H-bonding in the fiber direction.

Biophysical Journal 83(3) 1716-1727

The authors indexed some reflections as odd-order layer
lines, but, according to helical theory (Klug et al., 1958; see
Appendix), this is not actually valid for the double helical
model. However, a structural perturbation may account for
this.

Our analysis of the diffraction pattern of TTR fibrilsfrom an
FAP patient (Inouye et a., 1998) demonstrates that the fibrils
are made up of an array of subunits, in which there isthe 29-A
period stacking of four hydrogen-bonded 8 strands (as in the
TTR monomeric subunit). Our current diffraction studies of
the B15D assemblies suggest a similar model for the B15D
fibrils, where the rise per unit h = 28 A for asingle helix. This
smilarity in dimensions most likely results from the similar
molecular sizes of the B15D B-sandwich and the TTR struc-
tural unit, which both consist of a pair of four-stranded
sheets. Whether the subunits are arranged in aone-dimensional
linear array asinthe TTR fibrils or in a helical array asin the
B15D fibrils may depend on the protein—protein interactions at
the subunit interface.

Diagonal and translational interactions between
asymmetric units

Interactions among subunits in the diagonal versus fibril
(trandlational) direction are expected to result in different
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protein assemblies. For the double helix, one helix may not
easily “dlide” against the other in the axial direction if the
diagonal interaction between side chainsin the generic helix
is strong. However, the helically arrayed asymmetric units
may still deviate from their ideal positions due to angular
disorder. When the translational interaction between asym-
metric unitsin asingle helix is strong, one helix may easily
slide against the other. Diagonal and translational disorders
between asymmetric units have been studied previously to
explain the variable cross-over distance observed by elec-
tron microscopy for actin fibrils—e.g., amodel of cumula-
tive angular disorder (Egelman and DeRosier, 1982) and a
model invoking lateral dlipping between double helices
(Censullo and Cheung, 1993). The scattering intensity for a
generic helix having angular and translational disorders has
been derived previously (Inouye, 1994).

Equations for helical diffraction that includes slipping
between the helices were derived to analyze the diffraction
patterns of B15D (Appendix). The consequence of the cu-
mulative angular disorder is that the intensity of the layer
lines having a higher order Bessel term decreases while the
peak width in the fibril direction and the background inten-
Sity increase. Because the meridional and equatorial reflec-
tions are not influenced by these disorders, the observed
reflections are largely restricted to meridional and equato-
rial axes, and wide-angle reflections are weak and broader
in the fibril direction. Angular and translational disorders
explain why the near-equatorial 10-A reflection is not re-
stricted on layer lines| = 0—6, and intensity fills the space
between the layer lines. Analysis of perturbations in the
relative movement (or slipping) within a double helix—
e.g., where one helix shifts by half a period along the fibril
direction relative to the other—predicts that the odd-order
layer lines will be completely absent if there is no pertur-
bation, but will show intensity when the relative positions of
the two helices are perturbed (Appendix). Because the ob-
served B15D diffraction pattern (Fig. 1 and Table 1) did not
show strong odd-order layer lines (including | = 7, which
correspondsto the J, Bessel term), any slipping perturbation
is not significant for the B15D fibril.

Interaction among asymmetric units

The molecular model of B15D (Fig. 3) shows that, in the
fibril direction, there are interactions between His-64 and
Thr-27, and in the diagona direction between Lys-61 and
Lys-38 at the molecular interfaces of the B15D asymmetric
units (Fig. 5). The space within the double helix contains
positive-charge residues (Lys-38 and Lys-61). Because the
diffraction pattern of B15D suggested that the diagona
interaction may be stronger than that in the fibril direction,
the positive charges of the Lys residues are likely bridged
by anions. Such anions may derive from the media at higher
ionic strength because B15D does not fold at low ionic
strength (Lim et al., 1998). The interaction in the fibril
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T27

K38

FIGURE 5 MoLscriPT representation of the interface between the two
helices, showing ball and stick models of residues His-64 and Thr-27 in the
fibril direction (vertical) and of Lys-38 and Lys-61 in the diagonal direc-
tion. Anions may counter the positive charges of these Lys residues (Lim
et a., 1998). For clarity, the individual helices are colored differently, and
the disulfide within each B-sandwich between Cys-21 and Cys-53 has been
omitted.

direction may occur via His-64 and Thr-27. If the His
residue is protonated at acidic pH, the interaction will be-
come weaker, consistent with the observation that protona-
tion of one or more of the imidazole rings is sufficient to
disrupt the B structure of B15D (Lim et &l., 1998).

Assembly of fibrils

Analysis of the equatorial x-ray reflections showed that the
B15D fibrils assembled in a hexagonal lattice with period
49-77 A. Electron microscopy also shows that the 35-A
wide protofilament assemblesinto alarger fibril (Lim et al.,
1998). Because amyloid fibrils generally have diameters of
~100 A and are constituted of 4—6 40-A wide protofila-
ments (Inouye et a., 1993), it isimportant to investigate the
inter-fibrillar interactions. Because « coiled-coil packing

Biophysical Journal 83(3) 1716-1727
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has been considered to be a common type of fibril assembly
(Crick, 1953a,b; Pauling and Corey, 1953), the observed
x-ray diffraction of B15D was analyzed to see whether it
could be interpreted as arising from a coiled-coil structure
(data not shown). As our calculation showed, coiled-coil
packing may account for part of the meridional intensities,
but the observed pattern seems to be predominantly ac-
counted for by a double helix having no significant slipping
disorder, suggesting that the double helices pack in a nearly
parallel arrangement. The underlying physicochemical basis
of thistype of packing may be similar to the one responsible
for the surprising preponderance of parallel packing motifs
of RNA molecules in crystals (Murthy and Rose, 2000).

SUMMARY

B15S is an engineered peptide containing four hydrogen-
bonded B srands. Upon oxidation, two molecules of B15S
form B15D, a disulfide-bonded B sandwich. B15D formed
highly, oriented fibrils that gave cross-g helicd fiber patterns.
The sdlection rule (I = n + 7m) for a double helix and the
equivadent rulel = —3n + 7mfor ageneric single helix were
determined for the B15D fibrils. The width of the B15D fibril
is consistent with that observed by electron microscopy. The
rise per unit was the same as that for the extent of four
strands in the hydrogen-bonding direction. From these consid-
erations, we built ahelical model and calculated its diffraction
pattern. The similarity between the rise per unit in the B15D
fibril and the stacking period in the TTR fibril (Inouye et d.,
1998) is due to the similar molecular arrangements of B15D
and TTR—both B15D and TTR have four hydrogen-bonded
strands per 8 sheet. These results suggest that their correspond-
ing amyloid fibrils are built from discrete subunits. The poly-
morphic nature of subunit (or B-crystalite) assembly, eg.,
one-dimensional stacking versus helica array, may arise from
a vaidion in intersubunit protein—rotein interactions. The
interactions between the subunits in the hydrogen-bonding
direction aong the fibril axisis stronger in the linear assembly
than in the helica assembly.

APPENDIX
X-ray diffraction theory

The x-ray scattering intensity function for a discrete helix with cumulative
and noncumulative angular and translational disorders has been previously
described (Inouye, 1994). For cumulative disorder, the intensity functionis
given by

IR 2)= 3 [3(2mRIXSn, 2)),

and

N(1 + H)]

(S(n, Z)) = Re|:1_H - Re[H_HJr:| ,

(1-H)?
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where R refers to the radia component of the cylindrical reciprocal
coordinates, Z refers to the axial component, P is the pitch of the helix, h
is the rise per subunit, ry is the radius of the helix, and A¢ = 2mh/P
(angular twist per unit). B is the function of random angular disorder 8 and
translational disorder A (as defined by the standard deviation of Gaussian
function) according to B = exp(—nX8%)/2 — 27°Z%A?), where N is the
number of lattice point, nisthe Bessel order, H = B exp[iA¢(PZ — n)], and
Re refers to the real part of the function.

Inclusion of the atomic coordinatesis necessary for calculating the helix
intensity from the molecular model. Discrete helices with cumulative
disorders (angular and trandational) were considered. The cylindrical
coordinates (ry, ¢, Z) are defined by the first atomic position of atom type
jonahelixkwhere0=j=N-1and0=<k=M — 1. The cylindricaly
averaged intensity I(R, 2) at reciprocal cylindrical coordinates (R, Z) with
the atomic factor f (R, ®, Z) is given by

(R, 2) = ; kZ f(R @, 2)f (R P, 2)
; In2mr R I (27T R)exp[ —in(¢dy — ¢y)

X expli2mZ(z, — z.)KS(n, 2)),

where
(8.2 =N+ 3 X expli(| —j)A¢(PZ ~ g
and
B = exp(—n*X8%)/2 — 2m*ZXA?)).

When the helical structure is very long (N very large) and the helical
selection rule is satisfied, the intensity maximum is given by (S(n, 2)) =
N(1 + B)/(1 — B).

If the disorder parameters are neglected, the helical intensity reduces to
the one for the ideal helix (Cochran et al., 1952; Franklin and Klug, 1955),

(IR, @, 1/0))e = E (A7 + BY),

where

A, = JZ f.J.(2mr;R)cos[n(w/2 — ¢y) + 2mlz/c],

B, = > fJ,(2mrRysin[n(m/2 — ¢,) + 2mlz/c].
Here, the struciure factor is written as

F(R, @, l/c) = ; G, explin(® + 7/2)],

where

Gy(R) = 2 f,J.(27r,R)exp i[n(— &) + 2mlz/c].

The layer line number | is related to the Bessel term n according to the
helical selection rule | = un + vm, where all variables are integers. The
atomic coordinate j refers to the atoms in the asymmetrical unit.

Coaxial double helix

The structure factor of asingle discrete helix can be expanded to the second
helix (Lotz et a., 1976). In paralel strands, each atom at coordinate (r;, ¢;,
z) corresponds to the atom of the other strand at (r;, &; + ¢p, Z + ). The
G, term in the structure factor equation (see above) is replaced by
GRP(R) = G, (R)(1 + expil'), where I’ = —ndp, + 2mlz/c. Notethat 1 +
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exp il” can also be written as 2 cos(I'/2)exp i(I'/2) (Lotz et a., 1976). Thus,
the intensity is

| = > GPp

where A and B are given above. The asterisk (*) refers to the conjugate.
For an antiparallel double helix where the corresponding atoms are at

GDP" = > 2(1 + cosT)(A? + B?),

(rj, &, z) and a (rj, —(¢; + ¢p), —( + zp)) (Lotz et a., 1976), the G,
term is given by
= 2(exp — iI'/2)

X >, fiJ,(2mr,R)cos(—n¢; + 2mlz/c + T/2).
J

The cylindrically averaged intensity is
= 2 |Gy,

Theintensities on any layer line are present in the antiparallel assembly,
but they can be absent in the parallel assembly when 1 + cosI" = 0. For
example, if the second helix in the parallel assembly is shifted in the axial
direction by c/2, then ¢p = 0, z, = ¢/2, and I" = lr. When the layer line
number | isodd, 1 + cosI' = 0 is satisfied, indicating that the intensities
of the odd-order layer lines are absent.

Effect of perturbation to the cylindrically
averaged intensity for a parallel double helix

The Clark—Muus type disorder (Clark and Muus, 1962; Tanaka and Naya,
1969) for the terms ¢, and z, may be written in terms of the average values
¢p and 7, as ¢p = Pp + ¢, for the angular effect and z, = 7, + z, for
the translational effect. Assuming a zero mean Gaussian distribution for ¢,
and z,, where the standard deviations are §,, and §,, the statistical average
of the function due to angular or axial perturbations, e.g., (9(¢,)) or {9(z,)),
can be expressed as

9(e,) = f U(\2m83)exp(— $2/283)9(d,) do,

or

(9(z)) = J 1(\2w8%)exp(—21282)9(z,) dz,.

The cylindrically averaged intensity for a perturbed parallel double
helix (GEPGRP") is derived in the following manner. From the intensity
function given above, [GRPGEP" = 2(1 + cosT')(A2 + B?)], the statistically
averaged intensity can be written as (GEPGLP") = 2(1 + (cosT'))(A? + B?),
where (cos ') = (cos[—n(dp + ¢,) + 2mlc Yz + Z,)]). The term (cos
I') for three different cases of angular and translational disorders is given
below whereas the (GG*) term is indicated below in the Table. If angular
and translational displacements are random, (cos I') = 0. Then (GEPG5P")
= 2(A? + B?), indicating that the diffraction pattern becomes the same as
that for a single helix.

1. Small angular displacement and no translational displacement, where
¢, issmal, and z, = 0. Then

(cosT) = (cos(I" — ne,)),
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and

(cosT)

f U(\2m83)exp(— ¢?263)cos(T" — n,) dob,

= cos " exp(—n?83/2).

2. Small trandational displacement and no angular displacement, where z,
issmall and ¢, = 0. Then

(cosT) = (cos(I" — 2mlc™'z,))
and

(cosT)

= f U(\2m8))exp(—2Zy/282)cos(I” — 2mlc™'z,) dz,

cos T exp(—2m2%c282).

3. Screw disorder, which is defined by the relation between angular and
trangational displacements according to z, = P¢, /2. Then

(cosT) = (codT + (—n + IP/c)$,])
and

(cosT)

J 1( \,q)exp( $283)cod T + (—n + IP/c)¢,] dob,

cos I" exp[—(—n + IP/c)?8%/2].

Effect of perturbation on the cylindrically
averaged intensity for an antiparallel double helix

From the structure factor for an antiparallel double helix, given by
G2 = 2(exp — il'/2)
X >, fidu(2mrR)cos(—nd; + 2mlz/c + T'/2),
]

the averaged intensity (including the contribution due to the Gaussian
distribution of the displacement) can be expressed as

(G'Ga™)

27z, I'—no mlz,
ngj+—+ "t C>>

=4 ffjﬁ(zwr,-R)<cosz<
]

+4 > > (27 R I R)
T K

2l r-n 1z,
'<COS< n¢]+LZ] 2(150 ’7TC)

2l —n 1z,
'COS< nd)k+LZk+Tqbp+7Tc >>
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Three different cases are considered in the following Table. The averaged
intensity £ was derived in asimilar way as described above for the parallel
double helix:
Averaged intensity &
— 252

Small ¢,and z, = 0 (n*63)12

Small z,and ¢, = 0 2m%c 28,

Screw disorder z, = ¢ P27 (—n + IPc %)283/2

For the parallel double helix, (GRPGLP") = 2(1 + cos T exp — &)(A% +
B?), whereas, for the antiparallel double helix,

(GRGR™)
2mlz T
=2 E f,—zJﬁ(ZwrjR)[l + cos 2(—n¢j + sz, + E)exp(—gz)]
]
+2 > > ffd(27rR)I 2 R)
T %

27l(z + z)
—

-{cos[—n(¢j + ) + f]exp(—gz)

+ cos[—n(¢; — ) + 2mlc Yz — zk)]} .
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