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ABSTRACT

Polyglutamine repeats are found in pro-
teins associated with many neurodege-
nerative diseases. These repeats are re-
sponsible for intracellular protein aggre-
gation that resemble amyloid plaques
and contain the hallmarks of cross-p
fibrillar structures. Recent work has sug-
gested that the glutamines are involved
in aggregation through two possible
mechanisms: one involving only side-
chain hydrogen bonding and a second
involving interdigitation of the gluta-
mines with tight van der Waal’s packing
(steric zipper model). We are interested
in determining which interactions are
particularly involved in early assembly
processes and have developed a B-hair-
pin model system to address this prob-
lem. Our model system is designed to
stabilize a putative high-energy nucleat-
ing structure to provide a window to
view early assembly processes. We have
applied spectroscopy tools (circular
dichroism, infrared, and dynamic light
scattering) to probe the self-assembly of
B-sheet fibrils. These experiments estab-
lished the conditions to study fibrillar
morphology using atomic force micros-
copy. We show that fibrils are short with
minimal lateral growth, suggesting that
this may be a good model system for
studying early assembly steps.
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INTRODUCTION

Amyloid fibrils are insoluble, well-structured aggregates of misfolded pro-
tein that have been implicated in a number of prevalent, and largely neuro-
degenerative, human diseases.! Although they can be formed by a variety of
natural proteins and synthetic peptides, all amyloid has a common cross-3
structure. In this structure, B-sheets are elongated in the direction of back-
bone hydrogen bonding or perpendicular to the strand direction (referred to
as lateral assembly). The sheets can themselves assemble facially to form
multiple layers. Side-chain interactions with other side chains or with the
backbone can influence the kinetics and stability of amyloid formation.
Hydrogen bonding,‘l’5 aromatic stacking,4’6 and hydrophobic interactions’>8
have all been implicated in these interactions, thus amino acid composition
can play a role in self-assembly. One well-known sequence pattern that is
associated with disease includes the polyglutamine repeat. There are at least
nine genetically distinct polyglutamine diseases, most notably among which
is Huntington’s disease.” Within these diseases, the length of the polyglut-
amine repeat, determined by the size of a CAG trinucleotide repeat expan-
sion in the gene for the disease-causing protein, often influences disease se-
verity.10 In addition, the frequency of amyloid-like inclusions tends to
increase with the length of the repeat sequence.!l

There are currently multiple models for the precise nature of the gluta-
mine interactions that govern the formation and stability of amyloid fibrils.
Based on modeling and electron diffraction data for D,Q;sK,, it has been
proposed that the glutamine side chains form intrasheet hydrogen bonds to
create “polar zipper” structures, in which the glutamine interactions princi-
pally involve H-bonding interactions between their amide groups.> More
recently, in a review of this earlier work, it was proposed instead that a
minor rearrangement of the glutamine side-chain geometries would more
fully satisfy their hydrogen bonding potential.12 Furthermore, this reorienta-
tion of intrasheet glutamine hydrogen bonding creates side-chain ridges that
are self-complementary and interlock upon facial assembly, resulting in close
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van der Waal’s contacts between the glutamine methylene
groups and has been referred to as a “steric zipper” inter-
action.!2 Both assembly paradigms have been observed
for the same sequence based on the crystal structure
of GNNQQNY13 in which B-sheets associate via two dif-
ferent interfaces. B-Sheets are either involved in a “dry”
interface, similar to that proposed earlier,12 characterized
by the formation of a steric zipper of interlocking side-
chain ridges that exclude all but two water molecules or
a “wet” interface in which the sheets are hydrated so that
side chains on adjacent sheets form water-bridged hydro-
gen bonds. Multiple steric zipper isoforms, which differ
in the orientation of the interacting (-sheets, have been
identified in the crystal structures of various fibril-form-
ing proteins, suggesting that the dry interface may be a
common and preferred atomic arrangement in mature
fibrils.1415 A growing body of evidence, however, sug-
gests that the soluble intermediates and not the mature
fibrils are the cytotoxic species responsible for the patho-
genesis of amyloidoses.!®17 Thus, understanding the
interactions that govern the initial lateral and facial asso-
ciations, and consequent stabilization of smaller inter-
mediates, is of particular import.

Others have introduced a model that emphasizes the
importance of B-sheet stability over facial lamination sug-
gesting that fibers initially form through {B-hairpin inter-
mediates.18 An elegant study, in which a sequence rich in
polyglutamines is punctuated with prolines, supports a
model of hairpin formation as an important intermediate
in polyglutamine aggregation.1? In these structures, hydro-
gen bonding is likely to be highly dynamic!®20 with the
folding and stability of the structure primarily due to
cross-strand hydrophobic interactions and turn forma-
tion.21,22 Initial assembly is thus believed to be driven
largely by hydrophobic interactions in which a hydropho-
bic cluster forms allowing a greater proportion of the hair-
pin to acquire a B-sheet conformation.21:23 Initial B-
sheets may be highly dynamic, with individual units
undergoing repeated detachment and annealing before
arriving at this hydrophobic cluster configuration capable
of supporting further aggregation.24 Even in mature fibrils
where B-strands buried within the core of the fibril are
not solvent accessible, strands on the edges undergo
repeated dissociation and reassociation.2> Given this
knowledge, initial associations of polyglutamine-containing
B-strands may be driven by hydrophobic interactions
involving close contacts between their methylene groups,
akin to the polyglutamine steric zipper model. The stable
formation of hydrogen bonds between glutamine side
chains is thought to correlate with the assembly of the
peptide into higher order, B-sheet structures and eventually
amyloid-like fibrils. However, the role of glutamine interac-
tions proposed by these models in fibril formation and sta-
bility has not been experimentally shown in solution.

Biomaterials groups have also shown an interest in the
ability of peptides to self-assemble into fibrils for the
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construction of hydrogels and have sought to optimize
and control the formation of these structures through
the modulation of intra- and interpeptide interactions to
promote folding and association, respectively.8>26 For
example, a peptide model system has been developed in
which a pH switch was used to relieve electrostatic repul-
sive interactions between lysine residues and thus could
be used as a triggering mechanism for the hydrophobi-
cally driven folding of a B-hairpin structure.8 This then
would facilitate both lateral and facial assembly of the
peptide into a fibrillar hydrogel. A new glutamine-rich
peptide system based on this B-hairpin model was thus
designed to investigate the role of glutamine side chains
in the assembly of amyloid-like fibrillar intermediates,
and its sequence is described below.

METHODS

Modeling of a B-hairpin structure and dihedral angle
determination was carried out through energy minimiza-
tions using INSIGHT II 2000.1 (Biosym Technologies,
San Diego, CA) in DISCOVER by using a combination
of steepest descents and conjugate gradients with a cvff
force field to optimize the structure. All potentials, par-
tial charges, and formal charges were taken into account.
Modeling of higher order structures was carried out
using Discovery Studio (Accelrys, San Diego, CA). Gluta-
mine side-chain Ca-CB-Cy torsion angles were adjusted
to values described by Sikorski and Atkins to optimize
H-bonding and to avoid steric overlap upon interdigita-
tion of the glutamines as described in their steric zipper
model.12 Automated bump checks were applied in the
process of docking two hairpins in creating the steric zip-
per model. Parallel and antiparallel conformations of the
two hairpins appear equally plausible in this modeling
exercise.

The disulfide crosslinked form of the tCQ8 peptide
(acetylated at the N-terminus and amidated at the C-ter-
minus) was purchased in crude form from AnaSpec (Fre-
mont, CA). The peptide was purified by RP-HPLC using
a mobile phase of water and acetonitrile (both containing
0.1% TFA) on a Varian ProStar system (Walnut Creek,
CA) equipped with a Varian Dynamax semipreparative
C18 column. The peptide was subsequently lyophilized
and kept in a dessicator at —20°C for long-term storage.
The identity of the product was verified by MALDI-TOF
mass spectrometry, with the experimental molecular mass
of 2724.1 Da in agreement with the theoretical molecular
mass of 2724.3 Da. Quantitative conversion to the disul-
fide crosslinked form was confirmed using the Ellman’s
assay.27 Concentrations of the peptide solutions were
determined by a modified ninhydrin procedure.z&29

CD data were collected on an Aviv Biomedical Model
202-01 or Model 401-01 circular dichroism spectropo-
larimeter (Lakewood, NJ). Wavelength scans were per-
formed in the range 180-260 nm at room temperature
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using either a 0.2-mm path length cylindrical cell or a 1-
mm rectangular cell, depending on peptide concentra-
tion. A step size of 0.5 nm with 3 s of averaging time
was used. All measurements were taken using a band-
width of 1.5 nm. Spectra were offset to zero at a refer-
ence point of 260 nm and blank subtracted.

ATR-FTIR spectra were collected using a Vertex 70
instrument (Bruker Optics, The Woodlands, TX)
equipped with Opus version 5.5 software. Samples dis-
solved in water were dried onto CaF, windows and
monitored at room temperature in the range of 1000—
4000 cm 1, using a resolution of 1 cm ! and a total of
128 scans. Samples prepared on mica for atomic force
microscopy (AFM) imaging were also measured using a
single reflection GATR accessory (Harrick Scientific Prod-
ucts, Pleasantville, NY) designed for analyzing thin coat-
ings on surfaces to determine the secondary structure of
the peptide deposited on this surface. The GATR-FTIR
samples were scanned at room temperature in the range
of 850—4000 cm ™', using a resolution of 2 cm™' and a
total of 512 scans. Second-order derivative analysis of
FTIR spectra was performed using Origin, with smooth-
ing using a second-order polynomial with averaging over
a seven point window.

AFM data were collected in tapping mode by using a
Bioscope AFM (Digital Instruments, Santa Barbara, CA)
to obtain size and shape information for polymers depos-
ited under various conditions. Cantilevers were obtained
from Nanodevices Metrology Probes (Redding, CA). The
tips were tested as needed against precisely engineered
gold nanospheres and discarded if the measured sizes
were significantly aberrant. Samples were incubated on a
freshly cleaved mica surface for 10 min in a constant hu-
midity chamber, rinsed with sterile water for ~30 s, and
blown dry. Images prepared using a linear gray scale
color table were transferred from the Nanoscope data for
analysis using SigmaPro v. 5. Heights were analyzed by
tracing along the filament axes, and ~80% of the fila-
ments were measured in this way. Lengths were analyzed
using only well-defined individual filaments, excluding
any filaments with kinking or branching. Background in-
tensity was corrected and normalized according to a pro-
cedure described previously.30 Data were transferred to
Origin for graphical presentation.

Dynamic light scattering (DLS) experiments were car-
ried out using a DynaPro-MS/X molecular sizing instru-
ment (Wyatt Technology, Santa Barbara, CA) equipped
with an 825-nm laser and set at 10% power. Instrument
operation, data collection, and analysis were managed
using the Dynamics (V6) software interface. A 1 mM
sample of tCQ8 in 12 mM sodium borate, pH 8.5, was
analyzed at 20°C in a freshly cleaned cuvette to reduce
dust contamination. A set of eight independent measure-
ments (30 runs each) were made, and the time-depend-
ent fluctuations in the scattered light were analyzed using
a second-order correlation function. This correlation

function was fitted to determine the number of decay
rates, representing the different size distributions present
in the sample. The decay rates were converted into
apparent diffusion constants for calculation of the
approximate hydrodynamic radii for each size distri-
bution.

RESULTS AND DISCUSSION

A peptide, tCQ8, was designed to contain two stretches
of alternating glutamine and lysine amino acids separated
with a PPro-"Pro type II' B-turn3! and disulfide cross-
linked by cysteines placed at the N- and C-termini (see
Fig. 1). The prolines offer ideal geometries for this type
of turn and hinder the free rotation of the backbone,
thus reducing the entropic penalty of turn formation.21
The use of prolines to stabilize hairpin structures in poly-
glutamine repeats has been reported previously.1 In
addition, the serine in the i+3 position of the turn can
further stabilize it through side chain—main chain hydro-
gen bonding.26 We chose to cyclize our peptide using di-
sulfide bonds as extensive experimentation with a non-
cyclized variant showed it to be unable to adopt a signifi-
cantly populated B-hairpin secondary structure. It has
been shown that such cyclization further promotes the
stability of a B-hairpin structure.32,33 The placement of
the lysines is based on work from the Schneider lab%26
so that the B-hairpin conformation would be unstable at
near neutral pH conditions because of unfavorable elec-
trostatic repulsive interactions but could acquire structure
upon a pH jump to basic conditions, in which the lysines
are at least partially deprotonated. Our goal in stabilizing
the hairpin structure was to reduce the nucleation
penalty in forming this early intermediate in the self-
assembly process in the hopes that we could significantly
populate early assembly intermediates (see Fig. 1).34
Although the minimum number of glutamines per B-
strand required for aggregation under reasonable peptide
concentration conditions and experimentally accessible
time regimes has been shown to be seven,19 we decided
to include only four glutamine residues per strand (eight
total for the hairpin construct) in the hopes that the
engineered turn and disulfide bond would act to suffi-
ciently stabilize the monomeric hairpin structure. By
alternating the glutamines with the lysines, the gluta-
mines would project on one face of the hairpin structure
to create the possibility of an amphipathic 3-sheet fibril.
Importantly, the electrostatic repulsive nature of the ly-
sine faces should limit the extent of facial assembly to a
bilayer with glutamines defining the interface, thus pro-
viding a method of control for the measurement of inter-
sheet distances using AFM.

To show that tCQ8 is unfolded under conditions when
the lysines are fully protonated, we initially measured the
CD spectrum using 1.0 mM peptide in 0.01M HCI (pH
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Figure 1

Steric zipper model of the tCQ8 B-hairpin. The peptide sequence modeled here is Ac-CKQKQKQKQKPPPSQKQKQKQKC-CONH,. tCQ8 is
designed to form a B-hairpin composed of alternating glutamine and lysine residues in the two (-strands joined by a B-turn sequence containing
PPro-"Pro at the 4, i+1 and i, i+2 positions. The peptide is cyclized by disulfide bonds between cysteines placed at the N- and C-terminal
positions. When protonated, the lysine residues repel each other promoting an unfolded state, thus pH and salt may be used to regulate the
assumption of B-hairpin structure. Once in a hairpin conformation, the peptide may assemble laterally and facially to form extended fibrils with
the glutamines at the interface. The figure shows models of facial assembly, involving steric zipper-type interactions, containing either parallel (top)
or antiparallel (bottom) arrangements of the two hairpins with respect to one another.

2.0). The CD spectrum shows a slight minimum at 223
nm and a more intensive minimum at 204 nm, indicative
of a largely unfolded peptide with B-turn characteristics
(see Fig. 2).35 As expected, the peptide is largely
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Figure 2

pH regulates the acquisition of structure in tCQ8. Spectra are measured
using 1.0 mM tCQ8 dissolved either in 0.01M HCl or in 12 mM
sodium borate, pH 8.5.
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unfolded at pH 7.0 as well (Supplementary Information
Fig. S1); residual structure at this pH may come from
partial electrostatic screening owing to the buffer concen-
tration. At pH 2.0, the peptide remains unfolded at high
concentrations for long periods of time, thus providing a
convenient condition for storing stock solutions. In con-
trast, a 1.0 mM sample of tCQ8 dissolved in 12 mM so-
dium borate, pH 8.5, in which the lysines are now signif-
icantly deprotonated, showed conversion to a [-sheet
spectrum within seconds, as judged by CD, with a well-
defined minimum at 218 nm. Peptides with similar lysine
composition can show pK, shifts in their e-amino groups
as low as 9.0, providing greater than 10% deprotonation
at this higher pH.36

When the peptide is left to stand for at least a day, the
peptide forms large aggregates as evidenced by first an
increase in intensity of the 218-nm band and a subse-
quent red shifting of the band, followed by a decrease in
intensity as the material begins to fall out of solution
(Supplementary Information Fig. S2). Red shifting is an
artifact of increased light scattering, which decreases the
extinction nonlinearly with decreasing wavelength.37—40
Interestingly, simply inverting the cuvette several times
results in dissolution of the large aggregates while retain-
ing all of the B-sheet characteristics, suggesting that the
material is readily reversible. This can be seen by the
complete recovery of the CD spectrum even after 6 days
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of incubation (Supplementary Information Fig. S2). As a
further test of reversibility of the large aggregates, the 1.0
mM samples were diluted 10-fold to 0.1 mM. Whether
the sample was diluted immediately after preparation of
the sample or after 7 days of incubation, large-scale
aggregation was reversed while maintaining all the B-
sheet characteristics [Fig. 3(b)]. Dilution or mechanical
disruption therefore appears to reduce the peptide back
to form either monomeric B-hairpins or, at most, small
B-sheet fibrils.34 This hypothesis was tested further
through a combined FTIR and AFM approach, looking
at materials that had been incubated for several days and
testing the effects of dilution on the macromolecular
structures formed.

In general, CD spectropolarimetry is not as reliable for
the unequivocal assignment of (-sheet structures when
compared with a-helical structures. Therefore, samples of
tCQ8 shown to assume a 3-sheet structure and aggregate,
as evidenced by CD, were analyzed by the complemen-
tary method of ATR-FTIR.4l A 1.0 mM tCQ8 sample
was prepared in D,O in 12 mM sodium borate, pH 8.5,
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Assembly is rapid and resistant to dilution. tcQ8 was dissolved at 1.0
mM peptide concentration in 12 mM sodium borate, pH 8.5, and CD
spectra were collected over time. (a) Spectra collected at 1.0 mM tCQ8.
(b) After incubation at a concentration of 1.0 mM tCQ8 for the times
stated, samples were removed and diluted to 100 pM peptide
concentration for CD data collection.
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Figure 4

tCQ8 B-structure is also evident by FTIR. (a) ATR-FTIR spectrum of
1.0 mM tCQ8 dissolved in H,O containing 12 mM sodium borate, pH
8.5, deposited onto a CaF, window and dried. (b) Second-derivative
analysis of the data in (a) reveals major peaks at 1609, 1625, 1654, and
1694 cm™ . The peak at 1625 cm™ ' is consistent with that expected for
B-sheet fibrils. A second, minor peak in the range of 1668-1687 cm !
is expected for such structures but may be obscured by residual TFA in
the samples from the peptide purification protocol. It is intriguing that
a weak band is present at 1694 cm™ ' although it lies somewhat outside
the range expected for the aggregated B-sheet conformation. The peaks
at 1609 and 1654 cm ™' likely arise from the amide groups from the
glutamine side chains.

to measure the FTIR spectrum in solution for compari-
son to the CD experiment. Use of D,0 in place of H,O
minimizes the interfering H,O band at around 1640
cm” ' and aids in interpreting the secondary structure of
the peptide. Under these conditions, tCQ8 exhibited a
strong characteristic band at 1619 cm™', supporting the
conclusion from CD that the peptide forms B-sheet and
further supports evidence of aggregation based on the
degree of red shifting of this band from that expected for
a canonical B-sheet spectrum (Supplementary Informa-
tion Fig. S3). An interesting feature in this same spec-
trum is the presence of a band at 1609 cm” ', most likely
due to the NH, deformation frequency of the side-chain
amide group?2; the intensity of this band is consistent
with a well-ordered arrangement of the side chains.
Overall, the D,0 spectrum required careful second-deriv-
ative analysis to extract out reliable information; this
prompted us to prepare samples in H,O under the same
conditions and then dry them directly onto CaF, win-
dows to improve the signal to noise ratio and to provide
higher quality spectra. The spectrum in Figure 4(a) con-
firms the evidence for aggregated P-sheet that was
observed in D,0, with a well-defined B-sheet band at
1625 cm™'. This band is slightly shifted relative to the
D,O band; this solvent effect is consistent with what has
been reported in the literature.43 Although the e-amino
groups of lysines also may have a band around
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Figure 5
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AFM analysis of tCQ8 fibrils. (a) AFM image was taken using 0.1 mM tCQ8 in 12 mM sodium borate, pH 8.5, after 7 days of incubation. The
image was taken top-down at 1 Hz. (b) Before the height analysis, the image was flattened for tilt, streaks, and parabolic artifacts. Height
measurements were then made and binned in 0.2-nm increments. The black curve shows a bimodal Gaussian distribution fit to the data with peaks

centered at 3.0 £ 0.1 nm and 1.66 £ 0.03 nm.

1625 cm ™', we ruled out this assignment as FTIR spectra
of unfolded samples of a related hairpin peptide do not
show this feature. The band at 1609 cm ™' is assigned to
the side-chain amide NH, deformation as described
above for the D,O sample. An additional feature that is
prominent in the spectrum is a band at 1654 cm ™',
which may be either the CO stretch of the side-chain
amide group of the glutamines or, less likely, some ran-
dom-coil contribution to the sample. This latter conclu-
sion is inconsistent with our interpretation of our CD
spectra. Furthermore, model analysis of an acetylated and
amidated tripeptide (sequence: KQK) supports the
assignment of this band to the side-chain CO stretch
(data not shown). The broader, featureless peak in the
range 1670-1720 cm™ ' is harder to interpret but may
contain contributions from the B-turn, the amide I sec-
ondary band for an aggregated B-sheet (usually found in
the range 1668-1687 cm ™ ),44 and residual TFA (typi-
cally seen at 1672 cm™').

Analysis of the morphology of the tCQ8 aggregates
was probed by AFM. Samples of 1.0 and 0.1 mM tCQ8
were prepared and incubated for several days before dep-
osition, drying, and imaging. Visualization of the mor-
phology for the 1.0 mM peptide sample revealed a highly
dense network of material involving a heterogeneous
mixture of small fibrillar structures (Supplementary
Information Fig. S4). Given the amount of material pres-
ent, it was difficult to quantify the lengths and heights of
these structures. Dilution of the peptide to 0.1 mM
resulted in lower density of deposition on the mica sur-
face, making it easier to discern individual fibrils [Fig.
5(a)]. Surface effects might exert sufficient force to
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change the noncovalent secondary structure of deposited
protein-based materials. To test for this, the same sample
that was imaged by AFM was then measured using ATR-
FTIR wusing a single reflection horizontal accessory
designed for analysis of thin films and coatings on opa-
que surfaces. For both the 1.0 and 0.1 mM tCQ8 sam-
ples, the spectra were identical to that observed for the
solution experiments described above (see Fig. 6). Most
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Figure 6

GATR-FTIR analysis of AFM sample. The sample prepared for AFM
was measured directly using GATR-FTIR. Spectra data were collected at
room temperature and averaged over 512 scans in the range 800—4000
cm™ ', using a resolution of 2 cm ™.
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notably, a peak at 1625 cm” ! is observed, with a weaker

peak at 1694 cm” !, identical to that shown in Figure 4,
indicative of the presence of aggregated B-sheet.

Although widths of the fibrils might provide insight as
to the orientation of the presumed -sheet fibrils on the
surface, because of well-known tip convolution effects,
this cannot be accurately determined given the small size
of the widths.30:45 Instead, the most accurate measure-
ments that can be made by this technique are the
height(s) and lengths of the deposited material. Heights
were measured by tracing as many of the fibrils as possi-
ble (>80% of the features) in SigmaPro and the resulting
heights were binned and are presented in histogram form
in Figure 5(b). There are two clearly defined populations
of fibrils with the predominant material having a height
of 1.66 = 0.03 nm and a second minor component that
has an average height of 3.0 £ 0.1 nm. An earlier study,
looking at the fibrillar structure of residues 10-39 of the
glutamine-rich yeast prion protein, Ure2p, also identified
a height of about 1.6 nm by AFM.46 The 1.66-nm height
can be readily assigned to a single structural feature of
cross- fibrils. The features of such fibrils relevant to the
AFM measurements include the length of the hairpin
structure itself, which defines the width of a B-sheet (3.7
nm based on the lengths of the strands) and the height
of the hairpins (1.0 nm, which is calculated to include
the average projection of the side chains off either side of
the hairpin plane as described below). Thus, the AFM-
measured height most likely reflects the height of an inte-
gral number of B-sheets lying flat on the surface as the
3.7-nm value is too large relative to the measured value.
With this reasonable assumption, the height can be inter-
preted in terms of the degree of lamination of the -
sheets, with the expectation that a B-sheet bilayer should
dominate, based on previous work using such a lysine-
rich hairpin model system. As the value of a B-sheet
monolayer (1.0 nm) is significantly below that of the
measured height of 1.66 nm, this suggests that the fibril
must be forming a bilayer, consistent with that observed
by the Schneider laboratory.26:47

Although more speculative, it is worth analyzing
whether the measured height can distinguish between a
bilayer in which the glutamines are interdigitated (steric
zipper model) from one in which the bilayer interface is
dominated by H-bonding between extended glutamines.
Using crystal structures as a starting point for modeling
the bilayer with a glutamine interface,>12,13:48 e
found that the expected heights would be 2.0 nm for the
steric zipper structure and 2.8 nm for the more expanded
structure. The height of 2.0 nm is consistent with that
reported in the Schneider work, from which our model
system is derived.49 Thus, the AFM-measured height of
1.66 nm is more consistent with that expected for the
model involving interdigitation of the glutamines.12 It is
well established that experimentally determined heights
using the AFM are typically 30% below calculated values,

particularly for protein fibrils of the dimensions reported
here, because of the elastic nature of peptide structures
in response to the tapping of the AFM cantilever.30-20,51
Thus, applying this correction factor, the height would
be 2.20 nm or directly within the range for a steric zip-
per but significantly smaller than that expected for the
more expanded structure.

The second, minor population of heights centered
about 3.0 nm is much more difficult to interpret. It
could be due to a greater degree of lamination of indi-
vidual structures, overlap of bilayers due to greater den-
sity of deposition, or a twisting of the fibrils on the sur-
face as has been observed for a variant of our model sys-
tem previously.47 We are continuing to investigate this
morphological feature of our system.

Lengths were measured using the image in Figure 4 by
tracing fibrils in a manner similar to that used for the
height analysis. Given the complexity of the fibrils,
kinked and branched structures were excluded and only
clearly isolated fibrils were analyzed. The resulting meas-
urements were binned, and a normal distribution was
found, with an average length of 10.04 £ 0.70 nm as
determined from a fit to a Gaussian function. Assuming
a hairpin width of 0.5 nm (measured between pairs of C,
atoms across the hairpin structure), the 10-nm fibril
lengths would contain ~20 hairpin units per B-sheet. We
postulate that these units may be building blocks for the
longer sized fibrils and could explain the punctate nature
of the longer fibrils that are seen in some images. This
size range is consistent with that seen by others.”2 The
lengths are likely largely determined by the glutamine
interactions as the hairpin model system used by the
Schneider 1ab,8:26 containing valines in place of the glu-
tamines, forms much longer fibrils with distinctly differ-
ent morphology.

It is possible that the preparation of the samples for
AFM may skew the representation of the solution distri-
bution. To measure fibril lengths in solution, we used
DLS. DLS data of tCQ8 in 12 mM sodium borate, pH
8.5, show two distributions (Supplementary Information
Fig. S5). The smaller distribution is well defined with
moderate heterogeneity, containing fibrils with an average
diameter of 16.7 = 1.8 nm, in reasonable agreement with
the AFM results. The second distribution is highly diffuse
and asymmetric, with diameters ranging from 80 to 1100
nm. Some evidence for larger scale fibrils is evident in
our AFM work particularly in the sample deposition at
higher peptide concentrations (Supplementary Informa-
tion Fig. $4).

We have shown, through spectroscopic characteriza-
tion, that our model system can form aggregated 3-sheet
structures rapidly, making it amenable for further study
of the kinetics and stability of polyglutamine sequences.
Furthermore, AFM analysis of the morphology of the
aggregated structures reveals that the lengths are consist-
ent with that seen for other polyglutamine systems. The

proTeINs 1977



M.H. Smith et al.

lengths fall in the range expected for fibrillar intermedi-
ates, making this model system a good candidate for
assessing important chemical characteristics, such as the
role of the glutamine amide groups in regulating self-as-
sembly. We show that these intermediate structures are
dominated by bilayers in which the glutamines are inter-
calated, consistent with other work providing compelling
evidence for tight intercalation of H-bonded glutamines,
and referred to as steric zipper structures.
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Figure S1. CD spectrum of 100 uM tCQ8 in 10 mM Tris-HCI, pH 7.0.
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Figure S2. CD spectra as a function of time for 600 uM tCQ8 in 50 mM sodium
borate, pH 8.5.
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Figure S3. FTIR spectrum of 1 mM tCQ8 in 12 mM sodium borate, pD 9.0 in D20.
Assignments of the bands are as follows: 1619 cm-! represents the major CO stretch
of the backbone for an aggregated -sheet; 1609 cm! represents the deformation
frequency of the unexchanged NH; group for the sidechain amides; 1639 cm-!
represents the CO stretch of the sidechain amide and is shifted relative to the 1654
cm! band seen for this same group in H20 (Figure 4a). The peak at 1639 cm-! and
the unlabeled peak at around 1654 cm-! suggest evidence for partial HD exchange in
the backbone as well. The major peak at 1674 cm! represents residual TFA
introduced during HPLC purification.



Figure S4. AFM image of tCQ8 fibrils from a sample containing 1 mM tCQ8 in 12 mM
sodium borate, pH 8.5. Sample preparation is done under the same conditions as
that reported in Figure 5.
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Figure S5. Mass distribution from a dynamic light scattering measurement of a
1mM tCQ8 sample prepared in 12 mM sodium borate, pH 8.5 at 20°C.
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