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ABSTRACT: Polyalanine (polyA) is the third-most prevalent
homopeptide repeat in eukaryotes, behind polyglutamine and
polyasparagine. Abnormal expansion of the polyA repeat is
linked to at least nine human diseases, and the disease
mechanism likely involves enhanced length-dependent aggre-
gation. Because of the simplicity of its side chain, polyA has
been a favorite target of computational studies, and because of
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their tendency to fold into a-helix, peptides containing polyA-rich domains have been a popular experimental subject. However,
experimental studies on uninterrupted polyA are very limited. We synthesized polyA peptides containing uninterrupted
sequences of 7 to 25 alanines (A7 to A25) and characterized their length-dependent conformation and aggregation properties.
The peptides were primarily disordered, with a modest component of a-helix that increased with increasing length. From
measurements of mean distance spanned by the polyA segment, we concluded that physiological buffers are neutral solvents for
shorter polyA peptides and poor solvents for longer peptides. At moderate concentration and near-physiological temperature,
polyA assembled into soluble oligomers, with a sharp transition in oligomer physical properties between A19 and A25. With A19,
oligomers were large, contained only a small fraction of the total peptide mass, and slowly grew into loose clusters, while A2S
rapidly and completely assembled into small stable oligomers of ~7 nm radius. At high temperatures, A19 assembled into fibrils,
but A2S precipitated as dense, micrometer-sized particles. A comparison of these results to those obtained with polyglutamine
peptides of similar design sheds light on the role of the side chain in regulating conformation and aggregation.

Nearly 500 proteins containing polyalanine (polyA)
segments have been identified in humans,” making

polyA the third-most prevalent homopeptide repeat in
eukaryotes, behind polyglutamine (polyQ) and polyasparagine
(polyN).> Repeats of seven or more alanines are particularly
common in transcription factors.> Abnormally expanded polyA
segments have been linked to nine human diseases, eight of
which result in congenital malformations, while the ninth,
oculopharyngeal muscular dystrophy (OPMD), is an adult-
onset disease.”* ™ The disease mechanisms are uncertain, but it
is established that expansion of polyalanine tracts can lead to
protein misfolding, aberrant protein—protein interactions,
cellular mislocalization, and alggregation.l’5 Several lines of
evidence link the aggregation of proteins containing expanded
polyA segments to toxicity. PolyA-fusion proteins form toxic
aggregates,”® and both aggregation and toxicity can be reduced
by overexpression of ubiquitin.”'® Treatments that reduced
aggregation of the protein implicated in OPMD, polyadenylate
binding protein nuclear 1 (PABPN1), also reduced toxicity and
morbidity."' ™" The solubility and toxicity of polyA within the
context of a PABN1-like protein are strongly length-dependent,
with a sharp transition around 20 alanines.'” As with other
aggregation-related disorders, soluble oligomers are suspected
to serve as intermediates in the aggregation process and to be
more toxic than mature aggregates.“’ 3

Expanded polyA diseases share some characteristics with the
more prevalent expanded polyQ-mediated disorders, but there
are distinct differences as well. All known polyQ _diseases are
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late-onset disorders, while symptoms in all but one polyA
disease appear at birth. The normal length of the polyA domain
tends to be smaller than for polyQ, with a sharper threshold for
expansion in the disease phenotype (9—20 residues for polyA
with +1-14 expansion, compared to 4-44 with +1-271
expansion for polyQ)."* ®'® Some evidence suggests that
expansion of polyA may be more damaging than expansion of
polyQ. For example, in a cell model of spinocerebellar ataxia
type 7, substitution of polyA for polyQ showed increased
toxicity despite similar expression levels and identical repeat
length.'® Interestingly, a polyA-GFP construct in drosophila
resulted in toxicity and aggregation at high expression, but low
levels of expression triggered a heat shock response that
actually protected cells against polyQ-mediated aggregation and
toxicity.

Besides their association with expanded-domain disorders,
alanine-rich sequences have long attracted interest for
fundamental investigations into protein folding, motivating
both theoretical and experimental studies of synthetic polyA-
containing peptides. PolyA peptides are particularly amenable
to molecular dynamics simulations due to the relative simplicity
of the alanine side chain.”>*' The folding properties of polyA-
rich peptides, typically containing periodic interrupting residues
and/or long helix-promoting flanking residues, have been the
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subject of numerous experimental investigations (e.g., refs
22-26).

In contrast, there are only a few theoretical and experimental
studies of peptides with uninterrupted polyA domains or
studies that focused on aggregation properties. To simulate
aggregation of polyA peptides, Hall and co-workers used
simplified descriptors and discontinuous molecular dynam-
ics.””*® They observed a complex mixture of species: individual
peptides in a-helical or random coil conformation, amorphous
aggregates retaining some a-helical structure, individual p-
sheets that grow via f-strand addition of individual peptides,
and f-rich aggregates formed by the alignment of j-sheets that
grow via sheet and strand addition. Other simulations suggest
that polyA segments are able to “template” one another into
matching conformations.””*® Blondelle and co-workers synthe-
sized polyA peptides of varying length (Ac-KYANK-NH,, with 3
< N < 25) and discovered that longer peptides irreversibly
formed large, stable, S-sheet rich complexes with fibrillar
morphologies;31_33 conversion of monomeric peptide to
aggregates was observed only at high concentrations and
temperatures (2—10 mg/mL, 45—65 °C)3* Giri et al
synthesized a mimic of the N-terminus of PAPBNI, Ac-
KMA\GY, and reported that short peptides (N = 7) were a-
helical, nontoxic, and nonaggregating, while S-sheet structure
and nonfibrillar aggregation were observed for N = 11 and N =
17, but only at high pH.>>*® Measey et al. observed fibril
formation at acidic pH and high concentration (>20 mM) in
Ac-A,KAY-NH,.*” Soluble f3-sheet aggregates were observed at
pH 2.7 and 5 mg/mL for the alanine-based 16-mer (AAKA),.*®
In all these studies, aggregates were observed only at highly
nonphysiological conditions and/or the polyalanine domain
contained non-alanine interrupting residues.

In this work, we synthesized Ac-K,WAyK,-NH,, with N
varying from 7 to 25, to study length-dependent conformation
and aggregation of peptides with uninterrupted polyalanine
domains. Our experiments were conducted at near-physio-
logical pH, temperature, and ionic strength. We endeavored to
investigate the early stages of aggregation due to the putative
importance of soluble oligomers in the aggregation mechanism
and toxicity. Multiscale biophysical techniques were utilized,
examining both the conformation of the individual peptides and
the characteristics of oligomers and aggregates. Our results
provide, for the first time, experimental evidence for soluble
oligomer formation in uninterrupted polyA peptides near
physiological conditions. We also show that, although there is a
smooth increase in helical content and monomer extension
with length, there is a sharp transition in aggregate character-
istics at 19 < N < 25. Our data for polyA can be profitably
compared to previously published polyQ characterizations®~*!
to examine the role of specific side chains in modulating
conformation and aggregation behavior of homopeptide
repeats.

B MATERIALS AND METHODS

Peptide Synthesis and Purification. All materials were
purchased from Fisher Scientific (Pittsburgh, PA), except where
indicated. Peptides were synthesized on a NovaPEG Rink
amide resin (Novabiochem, Gibbstown, NJ) with a Symphony
peptide synthesizer (Protein Technologies, Tucson, AZ).
Fmoc-alanine, Fmoc-lysine(boc), and Fmoc-tryptophan(boc)
were purchased from Protein Technologies. To avoid problems
with on-bead f-sheet folding and :;1ggregation,42’43 resin sites
were partially blocked by manual addition of 1:1 Fmoc-
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lysine(boc) and boc-lysine(boc). Extended cycles and double
couplings were used to improve yields. Peptides were
deprotected and cleaved in 95% trifluoroacetic acid (TFA),
2.5% H,0, and 2.5% ethanedithiol (Sigma-Aldrich, St. Louis,
MO) and then precipitated into cold tert-butylmethyl ether.
Crude peptides were dissolved in a 1:1 mixture of TFA and
hexafluoroisopropanol (HFIP). Following evaporation under
gentle N, flow, the peptide was redissolved in TFA, diluted
with H,O to 10—50% TFA, and then purified by reverse-phase
high-performance liquid chromatography (RP-HPLC) on a
Vydac C18 column (Grace, Deerfield, IL). Elution with a
shallow linear gradient of acetonitrile (ACN) and H,0 was
required to resolve impurities. The peak corresponding to the
correct molecular weight was collected and lyophilized.
Molecular weights of the purified peptides were verified via
MALDI-TOF mass spectrometry (1255.9, 1682.2, 2108.0, and
25344 for A7, A13, A19, and A2S, respectively). For FRET
experiments, peptides containing both donor (Trp) and
acceptor (dansyl) were synthesized and purified in the same
manner, except the C-terminal-most Ala was replaced with
dansylated Lys (Anaspec, San Jose, CA).

Sample Preparation. Purified peptides were disaggregated
essentially as described elsewhere.**** Lyophilized peptides
were dissolved in a 1:1 mixture of TFA and HFIP and
incubated for 2 h. The solvent was evaporated under a gentle
nitrogen flow, and the peptide was redissolved in H,O adjusted
to pH 3 with TFA to a final peptide concentration of 400—600
UM. This stock solution was aliquoted, snap-frozen, and stored
at —80 °C. Prior to each experiment, an aliquot was thawed and
centrifuged at 19 500 RCF for 30 min, and the supernatant (top
90%) was immediately diluted into universal buffer (UB). UB
contained a total of 0.1 M salt cations (0.05S M each Na* and
K*) and 0.1 M buffer anions (0.025 M each citrate, phosphate,
tetraborate, and Tris), adjusted to pH 7.0. All buffer stocks
were double-filtered at 0.22 um, and all samples were filtered at
0.45 um. Peptide concentrations were determined by Trp
fluorescence.*’ Briefly, samples were diluted 10-fold into 8 M
urea. Tryptophan fluorescence spectra were obtained with a
QuantaMaster Series spectrofluorometer from PTI (Birming-
ham, NJ) with excitation at 295 nm and emission measured
from 300 to 580 nm. For concentration determination,
emission intensity was compared to a standard curve of pure
tryptophan in 8 M urea. To check for changes in the Trp local
environment, the derivative of the spectra with respect to
wavelength, dF(4)/d4, was numerically evaluated to find the
wavelength at maximum emission (where dF(4)/d4 = 0). For
dansylated peptides, concentration was checked using dansyl-
lysine standards in case of any interference due to FRET.

Circular Dichroism (CD). Each sample (10 pM) was
transferred to a 1 mm cell and thermally equilibrated to 25 °C.
CD spectra were taken on an Aviv 202SF CD spectrometer
from Aviv Biomedical (Lakewood, NJ). Blank solvent spectra
were collected and subtracted.

Fluorescence Resonance Energy Transfer (FRET).
Tryptophan fluorescence spectra of peptide samples (10 M)
were obtained with excitation at 295 nm and emission from 300
to 580 nm. All spectra was collected at room temperature (22
°C). Mean intensities were determined by integrating the areas
under the emission curves from 305 to 410 nm for both
peptides with Trp donor only (Fp) and both donor and dansyl
acceptor (Fp,). Measurements were taken weekly for 6 weeks,
but no significant change with time was observed (not shown).
Reported data is the average of all measurements. For a fixed
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system, the efficiency of the nonradiative energy transfer E from
donor to acceptor is a function of the distance R between donor
and acceptor:*

6

Fpa _ _ Ro

E=1— =
FD R06+R6

(1)

where R, is the Forster radius for a given donor—acceptor pair.
We used Ry = 21 A for the three smaller peptides based on
literature values®® and R, = 23.0 A for N = 25 from
measurement of the spectral overlap integral. For conforma-
tionally heterogeneous systems, the measured energy transfer is
an average (E) over the conformational distribution P(r) and
the distance-dependent energy transfer E(r) integrated over the
chain length L:

ST E@P() dr

L

Sedimentation Assay. Peptide samples (100 uM) were
incubated at room temperature (~22 °C). At regular time
intervals, 100 L aliquots were removed and centrifuged for 30
min at 19 500 RCF. The supernatant was removed, and the
concentration was determined in triplicate by fluorescence.

Size-Exclusion Chromatography (SEC). Peptide samples
(100 #M) were incubated at room temperature (~22 °C). At
regular time intervals, 75 uL aliquots were removed and
injected onto a Superdex 75 PC 3.2/30 column (GE
HealthCare Life Sciences, Piscataway, NJ) using a SO uL
sample loop and UB as the mobile phase. Peaks were detected
by absorbance at 280 nm, and peak area was obtained by
integration, with baseline correction. Fractional recovery was
calculated by dividing the area of the monomer peak by the
peak area of a sample injected without the column in place.

Light Scattering. Peptide samples (100 uM) were filtered
into a scrupulously cleaned light-scattering cuvette and then
placed into a 25 °C bath of the index-matching solvent
decahydronaphthalene. Light scattering data were collected
using a Brookhaven BI-200SM research goniometer and laser
light scattering system (Brookhaven Instruments Corp.,
Holtsville, NY) and an Innova 90C-$ argon laser (Coherent,
Santa Clara, CA) operating at 488 nm wavelength and 150 mW
output. The aperture to the photomultiplier was set to 200 ym
for the DLS experiments and 400 pm for SLS experiments.
Background and reference scattering data were collected from
analogously prepared buffer and toluene samples.

For dynamic light scattering (DLS), the autocorrelation
function at 90° scattering angle was collected, using 101
channels and a geometric series of delay times. The z-averaged
hydrodynamic radius (Ry) was determined from the
autocorrelation function by the method of cumulants.

For static light scattering (SLS), total scattering intensity at
23 angles (20°-110°) was measured. Three repeats of 1 s
duration were collected at each angle, and the data collection
was repeated four times, using a freshly prepared sample for
each run. A dust rejection algorithm was used to eliminate
spurious measurements, and the Rayleigh ratio Ry(q) was
calculated at each scattering vector q as described.*” Ry(q) is
related to the weight-averaged molecular weight (M),, and the
light-scattering-averaged particle shape factor P,(q):

() =
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R(q)
Kc (3)

where c is the mass concentration of the solutes (g/mL) and K
is an instrument constant. Equation 3 is true in the limit of low
B,c, where B, is the second virial coefficient. Functional
equations for P,(q) for a number of common shapes are
known.**%° (M),, and P,(q) were determined as follows. First,
estimates of (M), and the z-averaged radius of gyration
(Rgz)zl/ 2 were obtained by Zimm analysis. These estimates were
used as initial guesses in regression of eq 3 to the data, using
particle shape factors for nine different shapes (solid sphere,
hollow sphere, thin disk, rigid rod, circular cylinder, Gaussian
coil, wormlike chain, Gaussian star, and wormlike star). Best-fit
parameter estimates for each particle shape were obtained using
the software package Athena Visual Studio 14.2 (Athena Visual
Software, Naperville, IL), and the best particle sha%)e was
chosen using the posterior probability share method.® (Rgz)z
was then calculated from the fitted P,(q) as

= (M),,B,(q)

3g 0 __
(R, = hm(—q—Pz 1@]
g—0\ 2 0q 4
Transmission Electron Microscopy (TEM). Peptide
samples (100 yM) were incubated for ~2 weeks at room
temperature (~22 °C). A drop of each sample was applied to a
Pioloform-coated grid and stained with methylamine tungstate
stain. The sample was then imaged with a Philips CM120

scanning transmission electron microscope from FEI (Hills-
boro, OR).

B RESULTS

Synthesis of PolyA Peptides. PolyA peptides of the form
Ac-K,WALK,-NH, were synthesized, where N = 7, 13, 19, or
2S. Peptides will be referred to as A7, Al3, Al9, and A2S,
respectively. Two flanking lysines were added to the alanine
core to increase solubility. Tryptophan was used as a FRET
donor and to determine concentration. For FRET experiments,
the C-terminal alanine was replaced with the acceptor dansyl.
PolyA-rich peptides are prone to formation of interpeptide f-
sheet structures during on-bead synthesis.****** Previous
researchers, in synthesizing similar long uninterrupted polyA
peptides, reported that less than 10% of the crude peptide was
monomeric and that much was trapped in S-sheet oligomers
that eluted as broad peaks.*”** We developed our synthesis and
purification protocol to avoid these problems. RP-HPLC
chromatograms yielded sharp peaks, with the main peak
corresponding to the correct sequence as verified by mass
spectrometry (data not shown). Minor peaks were typically due
to alanine deletions but occasionally to lysine deletions or
alanine additions. The major peak was isolated, and the purified
peptide was used for all subsequent experiments. We developed
a rigorous disaggregation method to ensure that all starting
materials were monomeric. No loss of material was ever
detected during centrifugation of the disaggregated peptide
stock, and the peptide stocks (at pH 3) scattered no light above
background as measured by laser light scattering (data not
shown). This was interpreted as evidence for successful
disaggregation of the stock solutions. There was no loss of
material upon filtration after the peptide stocks were diluted
into buffer (data not shown).

Effect of PolyA Length on Secondary Structure. CD
spectra for freshly prepared solutions of A7, A13, A19, and A25
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(10 uM peptide, pH 7, 0.1 M salts) were collected (Figure 1).
The fraction of residues in a-helical conformation f, was
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Figure 1. CD spectra for 10 uM polyA in UB: A7 (O), A13 (1), A19
(), and A25 (V).

calculated from

(012, — [9]222,RC

fo =

(6122, = [0]22,rc (s)

We set the convergent core ellipticity [6],,,, for the fully a-
helical core to —54 520 deg cm® dmol ™ 35% and used the A7
ellipticity for [0],5,rc (thus assuming that A7 is fully
disordered). Using this approach, we calculated a-helicities of
5%, 11%, and 15% for A13, A19, and A2S, respectively. The
value of f, depends significantly on the assumed convergent
core ellipticities. Using values of —26 000 and —3500 deg cm*
dmol™ for [0],,,4 and [6],,,rc, respectively, as suggested by
another group,ss we obtained values of f, = —=9%, 3%, 17%, and
28% for A7, A13, A19, and A2S. The negative value for f, of A7
might indicate that this peptide samples polyProll (Py)-like
conformations. Using these calculated values as a range, we
conclude that there is no a-helical character to A7, ~1 residue
in a-helical conformation in Al3 (averaged over the entire
population), 3—4 a-helical residues in A19, and 5—8 in A2S5.

All samples were incubated at room temperature for 14 days.
CD spectra taken after aging were not significantly different
(data not shown). To check for concentration-dependent
changes in secondary structure, A2S was prepared at 100 yM
and then diluted to 10 uM; CD spectra were collected
immediately after dilution and were the same as the freshly
prepared sample at 10 uM (data not shown).

Our data are generally consistent with other literature
reports, although we observed moderately less a-helix, possibly
due to the flanking lysines.’® For example, we analyzed
published CD spectra and calculated, using eq S, that Ac-
KMA,GY and Ac-KYA;KNH, were 5% and 20% a-helical,
respectively.”>>>” Two other uninterrupted polyA peptides,
containing 12 or 13 alanine residues, were reported to contain
22-25% a-helix.’**® In another study, no a-helicity was
observed in an A; peptide, although residues may sample Py-
like conformations.””®® A, and A were predicted to contain
about 75% Py character in one simulation,®" while another
investigator predicted that a length-dependent crossover to a-
helix occurs at A,.°* Other simulations have yielded estimates of
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roughly 10% helical content for Ag and Ay and about 25% for
A, and A%

PolyA Chain Dimensions. We used FRET to find the
average distance between donor and acceptor placed on the
termini of the polyA core, reasoning that this distance will
describe whether polyA is relatively well- or poorly solvated in
aqueous buffer. (R) was calculated using FRET data and eq I;
results are shown in Figure 2. All polyA peptide monomers are
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Figure 2. FRET analysis of peptide conformation. Data were obtained
for 10 uM polyA in UB. Error Experimental (R) values (@) are
compared to expected values for a freely jointed chain at the theta
condition y = 0.5 (solid line) and a chain with excluded volume (y = 0,
dashed line). Error bars for experimental values are smaller than the
symbol size.

relatively compact rather than extended. For example, for A7,
(R) = 12.6 A, compared to a calculated value of 23.8 A for a
peptide of equivalent length in a fully extended f-strand. The
increase in (R) with polyA length is very small, with (R)
N This scaling is less than one expects for spheres,
indicating that the peptides become more compact as N
increases.

To further interpret these data, we calculated the anticipated
(R) using eqs 1 and 2 and assuming that polyA adopts the
conformational distribution

2
2 n

3r v
T (1 -2y)
2r

P(r) = 4r? exp| — )

nly, (6)

where I is the length of one residue (3.8 A), n the number of
residues, v. the excluded volume (~I,®), and y the Flory—
Huggins parameter.>® y was set equal to 0 or to 0.5; the
former corresponds to the freely jointed chain with excluded
volume while the latter corresponds to the theta condition
where excluded volume effects that expand the chain are exactly
counteracted by unfavorable solvent—solute interactions that
collapse the chain. y > 0.5 indicates a poor solvent. (Equation 6
is rigorously accurate only for long chains, and so our analysis
should be considered only semiquantitative.) A comparison of
experimental with calculated (R)reveals that A7 falls between
the two calculated curves, whereas A13, A19, and A2S are both
below the theta condition curve (Figure 2). Thus, if we
interpret these data in terms of an effective y, we conclude that
¥ < 0.5 for A7, and y becomes increasingly greater than 0.5 for
A13, Al19, and A2S.
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The wormlike chain model has been used to describe
unfolded polypeptides as well as flexible linkers within
multidomain folded proteins.”®® As another point of
comparison, FRET data were used to estimate an effective
persistence length [, a measure of the stiffness of the chain. For
polyA peptides, I, varied smoothly from 3.5 A for A7 to 2.2 A
for A2S. This compares to estimates of I, ~ 3 A for loops in
folded protein and for an amphipathic peptide.®**® For
unfolded proteins and polypeptides, measured persistence
lengths typically range from 4 to 9 A.**’®”" We conclude
that polyA monomers are compact compared to “average”
unfolded proteins, with a segment density closer to folded
proteins.

We are aware of only one other study of polyA extension
under physiological conditions: FRET measurements of Ag
yielded an effective (R) = 11 A,%" very much in line with our
measurement of (R) = 12.6 A for A7. Tzul et al. reported that
polyA domains in denatured proteins behave as random coils
with excluded volume, as measured by kinetics of loop
formation.”” Zhou and co-workers predicted that R, is 11.5—
12 A for A from simulations,” corresponding to I, ~7A
This comparison indicates that the solvent properties used in
that simulation are not reflective of typical aqueous buffers.

PolyA Aggregate Size and Morphology. Stock sol-
utions (pH 3, no salt) of polyA peptides were first rigorously
disaggregated to ensure that starting material was fully
monomeric. Then, stocks were diluted into buffer (pH 7.0,
0.1 M salts) to a final peptide concentration of 100 yM and
incubated at room temperature (~22 °C) for 6 weeks. None of
the samples became turbid, and none were positive for
thioflavin-T, a dye commonly used to detect amyloid fibrils.
Within experimental error, all of the peptide remained in the
supernatant after centrifugation (data not shown).

Both freshly prepared and aged peptide samples were
analyzed by SEC. Elution chromatograms for freshly prepared
samples are displayed in Figure 3. A7, A13, and A19 all eluted

T T T T T T T

Absorbance at 280 nm

Elution volume [mL]

Figure 3. SEC analysis of polyA peptides. Samples were prepared at
100 uM in UB. Chromatograms obtained from freshly prepared
samples. Peak detection was by absorbance at 280 nm. The nominal
molecular weight range of the column is 3000—70000, and the
included volume is 2.4 mL. A7 (dashed line), A13 (dotted line), A19
(dash-dotted line), and A2S (solid line).

as well-behaved monomers, as indicated by single Gaussian
peaks with elution time varying in the order of decreasing molar
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mass. There was little loss of material (90—95% recovery in
monomer peak), with no change over 35 days (not shown). In
contrast, A2S eluted with a broad and asymmetric peak and a
delayed elution volume. This effect is most likely due to
hydrophobic interactions between A25 and the SEC column.”

Further evidence of a distinct difference between A2S5 and
shorter peptides was obtained with Trp fluorescence studies.
Aged samples (100 uM) were diluted 10-fold into 8 M urea,
and their Trp fluorescence emission was measured. With A2S,
the Trp spectra was blue-shifted significantly (4, = 345 nm
for A2S versus 351 for others), indicating burial in a
hydrophobic environment. There was no blue shift for any of
the four peptides if freshly prepared or kept at low
concentrations, implying that this is an aggregation-driven
phenomenon. Together with the SEC results, these data
indicate a sharp length-dependent transition in properties of
polyA between N = 19 and 25.

We next analyzed polyA solutions by light scattering. In stock
solutions (pH 3, no salt), none of the samples scattered light
above background. Upon dilution into buffer (100 M peptide,
pH 7.0, 0.1 M salts), scattering above background was detected,
indicating the presence of soluble aggregates in all samples.
Given the SEC analysis, the fraction of peptide in A7, Al3, or
Al9 incorporated into the soluble aggregates is very low.
Detection by SEC of a small fraction of aggregates is
particularly problematic if the aggregates are a broad
distribution of sizes and/or if the aggregates tend to adsorb
to the column. The inability to detect these aggregates by SEC
can be attributed to the much greater sensitivity of light
scattering to aggregates.

Scattering intensity, which in general increases with
increasing number and size of aggregates, increased in the
order A13 < A7 < A19 < A2S (Table 1). We collected dynamic
light scattering data at 90° scattering angle and analyzed
autocorrelation functions using cumulants analysis to determine
a mean hydrodynamic radius (Ry). Results are summarized in
Table 1. Curiously, the largest size particles were obtained with
the intermediate polyA lengths (A13 and A19), whereas the
smallest particles by far were observed with A2S. In all cases,
distributions were very broad, as deduced by CONTIN analysis
(not shown), indicating the aggregate population is poly-
disperse. To further analyze the size of soluble aggregates, we
collected multiangle scattering data for A7, A19, and A2S (data
quality for A13 was poor due to weak scattering and will not be
discussed). Data were fitted to eq 3, and the “best” fit particle
shape and size parameters were determined (Table 1).

To examine whether there was a change in aggregate size
with time, we collected DLS data over several hours (Figure 4).
A7 aggregates grew slightly over a few hours and then
stabilized, from (Ry) ~ 60 nm initially to a steady state value of
~85 nm. With A25, (Ry) remained steady at 6.5—7 nm. In
sharp contrast, the increase in (Ry) for both A13 and A19 was
significant; the rate of increase was remarkably similar and did
not slow much even after several hours.

Electron microscope images of the peptide samples taken
after 2 weeks aging at 22 °C are shown in Figure S.
Morphological characteristics varied significantly as a function
of polyA length. A7 contained sparse, small, roughly spherical
aggregates (15—50 nm), which occasionally associated into
long flexible chains with a “pear] necklace” appearance (Figure
Sa). Slightly larger spherical aggregates were observed in Al13
and Al9, but these tended to associate into larger, loose,
globular clusters (Figure Sb,c). Clusters were much more
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Table 1. Light Scattering Analysis of PolyA Peptide Aggregation®

(Ru)?
no. of alanines N Lom(90°)® nm
7 61 54
13 52 115
19 160 143
25 212 7

best-fit (R, 12
(M),, (kDa) shape nm)
520 + 20 rod/coil 55
ND* ND ND
2500 + 150 coil 184
500 + 20 ND° ND

“Data taken within S min or less of dilution into buffer (pH 7.0, 0.1 M salts, 100 4M peptide). bScattering intensity at 90° angle, normalized to mass

concentration. Units are 1000 counts/s per mg/mL. C(Rgz)zl/ 2

is calculated from eq 4 for the best-fit particle shape. “(Ry) is the inverse-z-averaged

hydrodynamic radius from cumulants analysis of autocorrelation data. CONTIN analysis of the same data yielded nominally larger mean radii. “Not
determined. For Al3, scattering was too weak to obtain reliable angle-dependent data. For A2S5, particle shape could not be discriminated because of

small particle size.
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Figure 4. Kinetics of aggregation. Samples were prepared at 100 #M in
UB, and apparent hydrodynamic radius (Ry) was measured over time
using dynamic light scattering with cumulants analysis. (a) A7 (O) and
A25 (A\). (b) A13 ([]) and A19 (A). Data are representative of 3—4
repeats.

numerous in Al9 compared to Al3. In sharp contrast, no
aggregates were observed in the A2S samples. Rather, the
sample appeared as a mottled film when dried on the grid
(Figure Sd).

From the combined SEC, fluorescence, light scattering, and
EM data, a picture emerges of the properties of polyA
aggregates as a function of length. The data for A2S aggregates
may be the most straightforward to interpret. If we assume that
all A25 is incorporated into spherical aggregates of (M),,= 5.2 X
10° Da (Table 1), we can estimate the hydrated volume (Vi)
from

TT
%(RH>3 =

M)y,
Na

(VH> = (Vp + 8Vw)

)

where N, is Avogadro’s number, V,, and V,, are partial specific
volumes of peptide and water, respectively, and J is the grams
bound water/gram peptide. V,, and & are calculated from the
amino acid composition”>”® and equal 0.756 cm®/g and 0.43 g/
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Figure 5. Transmission electron microscope images of polyA peptide
aggregates at 25 °C. Samples were prepared at 100 uM peptide in UB
and incubated at 25 °C for ~2 weeks prior to imaging. All images are
representative of a large number of images from multiple samples.
Scale bar: 200 nm. (a) A7, (b) A13, (c) Al9, and (d) A2S.

g, respectively, for A2S. This yields an estimate of (V) ~1030
nm?, or (Ry) ~ 6.3 nm, very close to the hydrodynamic radius
measured by dynamic light scattering (Table 1). Thus, we
interpret these data to indicate that A25 readily assemblies into
stable, compact oligomers with densities approaching that of
folded proteins. This interpretation is consistent with the lack
of monomer peak on SEC and with the shift in Trp
environment upon aggregation.

Aggregates of A7, Al3, and Al9 clearly differ from A2S.
<M>, for A7 and A2S5 are virtually identical, but (Ry;) is 8-fold
larger for A7. Similarly, (M),, for A19 is 5-fold greater than for
A2S, but (Ry) is more than 20-fold larger. Furthermore, A7,
A13, and A19 elute largely as monomers on SEC, whereas the
A2S elution profiles are distorted. These data can be
understood if we take into account two considerations. First,
(M),, is the weight-averaged molecular weight for all particles in
solution while (Ry) is weighted toward larger particles. If we
assume that the particles in solution are a mix of monomer and
aggregate, then

M),, = Z wM; = wp,My, + waggMagg (8a)

where w; and M; are the weight fraction and molecular weight,
respectively, of species i, and subscripts m and agg indicate
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monomer and aggregate, respectively. If we further assume that
M,ge > M, then

(M>w = Wagg'Magg

We do not have a direct measure of w,,, but conclude from
SEC that most (at least 90—95%) of A7, A13, and A19 remain
monomeric. Thus, M, for A7, A13, and A19 is at least 10—20-
fold larger than (M),, and would therefore be expected to have
a larger hydrodynamic radius. Second, “looser”, extended, or
more hydrated aggregates occupy a much larger hydrodynamic
volume per mass than compact aggregates. From particle shape
analysis of SLS data, we conclude that for A7 and AI9
aggregates are not compact solid spheres but are more
expanded. This is confirmed by examining TEM images,
where large, loose clusters of aggregates were observed. In
agreement, the increase in (Ry) over time for Al3 and Al19
(Figure 4) is consistent with a continuing association of smaller
aggregates into clusters.

Effect of Temperature and Salt. We incubated A19 and
A25 at 60 °C. Both solutions became turbid within a day or
less: A19 formed a cloudy suspension whereas A2S precipitated.
After 5 days, the samples were examined by EM. Surprisingly,
A19 formed fibrillar aggregates, several micrometers long, some
with an apparent twist (Figure 6a). These fibrillar aggregates

(8b)

(a)

(b)

o \

Figure 6. Transmission electron microscope images of polyA peptide
aggregates at 60 °C. Samples were prepared at 100 uM peptide in UB
and incubated at 60 °C for ~2 weeks prior to imaging. All images are
representative of a large number of images from multiple samples. (a)
A19. Scale bar: 200 nm. (b) A2S. Scale bar: 5000 nm.
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are strikingly similar in appearance to polyQ aggregates at room
temperature.*> On the other hand, A2S formed very large (~5$
um), dense, and more-or-less spherical agglomerates (Figure
6b). We also tested the effect of salt concentration by doubling
the tetraborate concentration (from 0.025 to 0.05 M).
Monomer conformation, as measured by FRET and CD, was
not affected (data not shown). By DLS and EM, we observed
no change in A19 aggregation kinetics or morphology (not
shown). In contrast, A2S was remarkably affected by this small
change in salt: after a short delay the peptide aggregated quickly
and precipitated into larger (~S um) agglomerates, similar in
appearance to those generated at high temperature. These data
highlight again another striking difference in aggregation
behavior below and above N = 20.

B DISCUSSION

We report the systematic study of length-dependent changes in
conformation and aggregation of peptides containing unin-
terrupted polyalanine. There is a paucity of experimental data
describing properties of such peptides, despite their connection
to human diseases involving abnormally expanded polyA
domains. Blondelle and co-workers®' ~>* observed conversion
of partially helical polyA monomers to soluble p-sheet-rich
oligomers, but only at high concentration (~500—1000 M or
greater) and high temperature (55—65 °C). Conversion was
length-dependent; no aggregates were observed with short (N
< 8) peptides, while long (N > 15) peptides were completely
aggregated. Other groups observed fibril formation with polyA-
containing peptides (N = 11 and 17), but only at high pH,>3¢
or at acidic pH and high concentration.>” Our results are the
first, to our knowledge, to demonstrate the presence of soluble
aggregates for uninterrupted polyA peptides at near-physio-
logical temperature and pH, which we believe we were able to
detect by using sensitive DLS and SLS techniques.

PolyA Secondary Structure and Conformation.
Uversky et al.”” proposed a simple relationship for predicting
whether a polypeptide sequence would fall into the intrinsically
disordered or natively folded regime, with low hydrophobicity
and high net charge favoring intrinsic disorder. Extrapolating
this relationship to our peptides, we find that A7 is borderline,
whereas Al3, Al9, and A25 are in the native regime.
Counterbalancing the drive for folding is the relatively short
lengths of our peptides as well as their low complexity.
Ensembles of conformations rather than unique folds arise from
low-complexity sequences because there are many energetically
equivalent conformations in homorepeats.”®

Results we obtained from CD and FRET experiments can be
profitably examined within this framework. We observed a
nearly linear increase in a-helical content, from 0 to about 5—8
residues, as polyA segment length was increased from 7 to 25.
Still, even A2S was mostly (~75%) disordered. In aqueous
solution, polyA peptides, especially the longer ones, behaved as
compact globules rather than extended coils. The observation
that polyA peptides are collapsed is not surprising, as water is a
poor solvent even for more hydrophilic homorepeats such as
polyglycine.”® Our analysis of the FRET data suggests that
solvent—solute interactions became increasingly unfavorable
with increasing alanine length, with estimates of effective y <
0.5 for A7 and y > 0.5 for A13, A19, and A2S. This worsening
of solvent quality with length can be attributed to both
increasing mean hydrophobicity and decreasing mean charge.
This analysis suggests that the equation developed by Uversky
defines a border between good and poor solvents. Polyalanine
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peptides such as A2S for which water is a poor solvent fall into
the “native” regime;”’ they attain densities approaching natively
folded proteins but their low complexity precludes attainment
of a single uniquely defined secondary structure. As polyA
length increases, excluded volume becomes less significant,
which yields a change in globule shape from ellipsoidal to
nearly spherical.”” Tran et al.”® considered the behavior of
polyglycine in terms of the “blob” model and estimated that a
“blob” is equivalent to 2—3 residues. Given this estimate, A7 is
about 2 “blobs”, too small to collapse into a sphere and more
like a “sausage”. On the other hand, A2S is about 10 “blobs”
and thus should be sufficiently long to fully collapse.”

Aggregation of Polyalanine. Although the properties of
polyA monomers changed only gradually with length (Figures 1
and 2), there was a sharp length-dependent transition in
aggregation, as demonstrated by the combined SEC, DLS, SLS,
and EM results. Briefly, for N = 7, 13, or 19, a small fraction of
peptide rapidly associates into roughly spherical oligomers
upon dilution into physiological buffer (room temperature, 100
UM peptide). For A7, a few of these oligomers further coalesce
into long, ropelike aggregates ~1 pm in total contour length.
For Al3 and Al9, these oligomers associate together slowly
into large, loose clusters. By both EM and LS, aggregates were
more numerous in Al9 than in Al3.

Aggregates of A25 differed fundamentally from those of the
three shorter peptides. They were much smaller ((Ry) ~ 7
nm), and the size remained stable over time. No discrete
aggregates were observed by EM (Figure 5d), consistent with
the small (Ry) because aggregates with features of this size
would be difficult to observe on standard TEM. Unlike A7,
A13, and A19, no monomer peak was isolated by SEC for A2S;
the broad and distorted elution profile along with the Trp
fluorescence shift indicates a qualitatively different assembly
process. Close agreement between (Ry) calculated from (M),,
and (Ry) measured by DLS suggest that virtually all A25
associates into compact oligomers, with densities approaching
proteins, yet with only a small content of regular secondary
structure.

Natively unfolded polypeptides have greater plasticity than
folded proteins, which could be advanta%eous for permitting
interactions with multiple target proteins.””** This promiscuity
of interaction includes the possibility for self-interaction. Our
data show that a small fraction of A7, A13, and A19 weakly self-
associates into large, hydrated, and heterogeneous oligomers
that can undergo further agglomeration into larger clusters. The
extent of self-association, and the morphology of the clusters,
may depend on the balance between hydrophobic interactions
and electrostatic repulsion as well as the shape of the
underlying monomeric globule. One can envision for example
how the A7 “sausage” might align into a “rope”. In contrast, we
hypothesize that A25, due to its more “native” behavior, is able
to self-assemble into small stable oligomers in a process that
may be more akin to the attainment of quaternary structure in
multimeric proteins.

Interestingly, at high temperatures, A19 associated into
fibrillar rather than amorphous aggregates. Within the nonpolar
interior of an aggregate, alanines may “dissolve” each other and
become extended rather than collapsed. Blanch et al.*' reported
that heating of an alanine-rich peptide caused a conversion
from helix to the more extended and flexible P}; conformation,
which he linked to amyloid prefibrillar intermediate. Thus, high
temperatures may allow “melting”, rearrangement, and
extension of the polyA domain within the aggregate, leading
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to the more ordered fibrillar aggregates that we observed with
A19. Strikingly, though, A25 did not convert to fibrils at high
temperature but rather coagulated into very large, dense
particles. One possibility is that A2S is too “folded” to rearrange
into fibrils: A25 oligomers constitute a suspension of colloidal
particles with hydrophobic surfaces that, when placed in an
environment that strengthens hydrophobic interactions (high T
or salt), simply flocculate.®>

Comparison to Simulations. In simulations of polyA
aggregation, Nguyen and Hall observed rapid coalescence of
monomers into amorphous oligomers that contained some a-
helix.”” Small oligomeric f-sheets eventually emerged from
these amorphous aggregates; these J-sheets then grew into
fibrils by both e10n7gation through f-strand addition and lateral
p-sheet addition.””?® Fibril formation was favored in the
simulations at high concentration and moderately high
temperature. Nguyen and Hall noted that increasing the value
of a key adjustable parameter, the relative ratio of hydrophobic
strength to hydrogen bonding, traps the aggregates in an
amorphous rather than fibrillar aggregate state.”” Our data
suggest that polyA peptides containing between 7 and 25
alanines are indeed trapped as amorphous, nonfibrillar
oligomers at room temperature. At high temperature, A19
associated into fibrillar rather than amorphous aggregates, in
qualitative agreement with the Nguyen and Hall simulations.
Blondelle and colleagues likewise found that high temperature
was required to force fibril formation and growth.>*

Dill and co-workers®> have recently proposed a simple
description of the equilibrium between monomers, oligomers
(in which the monomer chains are clustered via hydrophobic
collapse but are disordered), and fibrils:

€t =Cm T PColigo + qCfibril

bl
Cm T pcmp eXP(XPN) +v Z qcmngN 9)

where ¢, is the monomer concentration at equilibrium, p is the
number of monomers in the oligomer, g is the number of
monomers in fibril bundle, y is related to the energy associated
with initiating zipping at the edge of the f-sandwich, b is the
number of #-sandwiches in the fibril, | is the length of f-strand
in fibril, and g is the dimensionless equilibrium constant for
propagation of the f -strand within the fibril.

We used eq 9 to compare this model to our data. The total
concentration ¢, is calculated by dividing the peptide
concentration (in M) by the molarity of water. We assumed
that only alanines were involved in oligomer formation, so N =
7, 13, 19, or 25. The number of chains in each oligomer is not
known; we somewhat arbitrarily chose p = 10. At room
temperature, no fibrillar aggregates were observed, so the third
term on the right-hand side was set equal to zero. Using these
values, we calculated from eq 9 that, at 10 uM, there are
essentially no oligomers present for any peptides, whereas at
100 uM, there are virtually no oligomers for A7, Al3, or Al9,
but about 65% accumulation of peptide into oligomers for A25.
Though the results from these calculations depend strongly on
the assumed value of p, this simple model captures the sharp
length-dependent transition observed experimentally.

Can this model explain why A19 forms fibrils at high
temperatures but A25 does not? Necessary conditions for fibril
formation are g > 1 and y < In g.** If g is not much greater than
1 (say, g = 1.7), then a modest increase in y with increasing N
(say, from 0.5 to 0.55 as N increases from 19 to 25) would
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mean a switch from fibrils to oligomers. Similarly, the switch
from oligomers to fibrils for A19 with increasing temperature
could arise from a small increase in g (or a decrease in y) with
temperature. Recent theoretical studies describe the diversity of
morphologies possible in aggregates of peptides containing
polyA domains.** Such theoretical investigations might prove
fruitful in explaining the underlying physical processes behind
our observations and more empirical models such as that
embodied in eq 9.

Comparison of PolyA to PolyQ. We previously com-
pleted similar studies with polyQ peptides of similar design and
length.***" A comparison of the two may shed light on the
specific role of the side chain chemistry in directing
conformation and aggregation. Glutamine’s amide side chain
is generally considered hydrophilic and is capable of
participating in hydrogen bonds as both a donor and acceptor.
Our polyQ peptides lie well within the predicted “intrinsic
disorder” regime.”” From CD spectra, polyQ_peptides lacked
regular secondary structure (other than some Pj;) across the
entire length span; there was no evidence for a-helix formation,
unlike polyA. FRET analysis yielded the result that polyQ is
more extended in aqueous buffers than polyA, with [, ~ 6 A
(although decreasing with increasing Q length) compared to
2—-3 A for polyA. Like polyA, polyQ rapidly formed large
soluble aggregates immediately upon dilution into physiological
buffers, but only for N > 16.*° Unlike polyA, sedimentable
aggregates formed with polyQ (N > 16) after a short lag time
and eventually a large fraction of the material sedimented. By
EM, polyQ aggregates were clearly fibrillar in morphology, and
mature aggregates appeared as organized bundles of laterally
aligned fibrils,** while polyA aggregates were clearly nonfibrillar
and amorphous (Figure S).

We previously proposed that polyQ peptide aggregation
proceeds via association into soluble oligomers, followed by
structural rearrangement within the oligomer to an ordered
aggregate with f-sheet hydrogen-bonding patterns and fibrillar
morphologies.*” Conversion from the disordered oligomer to
ordered fibril is presumed to be driven by additional hydrogen
bonding and ordered hydrophobic interactions, but hindered by
loss of conformational entropy and disordered hydrophobic
interactions. Important differences in the alanine and glutamine
side chains lead to differences in the relative contributions of
these interactions. We can compare Q24 (which forms fibrils*)
to A25. Q24 lacks regular secondary structure, whereas A2S has
partial a-helical content. Thus, in forming f-sheet fibrils, Q24
would gain stabilizing backbone—backbone hydrogen bonds
while A25 would see little net enthalpy change because a-helix
hydrogen bonds would need to be broken to gain S-sheet.
(This would be less of a factor for A19 because the monomer
contains less a-helix.) Unlike polyQ, polyA would gain no
enthalpic benefit from side chain-side chain hydrogen bonds by
forming ordered aggregates but would still suffer the entropic
penalties associated with decreased conformational freedom.
Additionally, alignment of the long glutamine side chains in f-
sheets would improve steric packing and allow greater regular
contact between the —CH,—CH,— moieties on glutamine side
chains and thus enhanced hydrophobic interactions, whereas
any increased favorable hydrophobic interactions or improved
steric packing with the small —CH; of alanine via backbone
alignment is likely to be minor. In the context of eq 9, this line
of reasoning would support a higher g for polyQ than for polyA
and, from previously published FRET data, a lower y. Thus,
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one expects fibrils are strongly favored over soluble oligomers
for polyQ_at equilibrium.

Effect of Flanking Lysines. Lysines flanking the polyA
domain were necessary to overcome synthesis issues and to
facilitate initial solubilization. However, the added charge from
these flanking residues likely influences conformation and
aggregation propensity. In our previous investigation of polyQ
peptides, we examined the effect of increasing the pH to 12,
where the lysines are uncharged.*® Briefly, charge neutralization
had little to no effect on shorter polyQ peptides (Q8 or Q12);
there was a slight decrease in (R) for the monomer but no
significant change in aggregation. As the length increased, the
effect of neutralizing charge became more dramatic: the
intensity of scattered light of Q20 increased 4-fold, and Q24
immediately formed insoluble precipitates. We did not attempt
similar experiments with polyA; due to alanine’s higher
hydrophobicity compared to glutamine, we believe we would
have problems with insolubility. The effect of placement of
charged residues on polyalanine aggregate morphology has
been examined theoretically.**

Comparison to PolyA Protein. It is informative to
compare polyA peptides to proteins containing polyA seg-
ments. Expansion of the polyA segment in PABPNI from A,
to Aj; resulted in increased a-helicity in solution and fibrillar
aggregation after incubation at physiologic temperature.*%
However, these studies are complicated by the fact that wild-
type PABPN1 naturally oligomerizes.*” Expansion of the wild-
type Al4 polyA segment in FOXL2 resulted in mislocalization
and aggregation in a length-dependent manner; expansions
shorter than Al19 were completely benign, but longer
expansions were increasingly deleterious.®® YFP linked to A,;
or greater formed soluble oligomers that were trypsin-resistant
and toxic to cells.”® Moreover, A,; segments were found to self-
interact and oligomerize, but Ay did not display any self-
interaction.®” Konopka et al.'” expanded yeast Pabl (an RNA
binding protein similar to PABPN1) from 8 to 13, 15, 17, and
20 alanines. They observed length-dependent changes in
formation of inclusions, insolubility, and cytotoxicity and,
most curiously, proposed that the mechanism of toxicity was
different for A17 than A20-expanded Pabl. This series of
results is notably similar to our finding of a striking length-
dependent transition in aggregation properties between 19 < N
< 28.

Our data show that at physiological conditions polyA is
trapped in amorphous oligomers whereas polyQ oligomers
reorganize into mature fibrils. If soluble oligomers are more
toxic than fibrils, then these differences may help to explain
why the threshold for disease with polyA expansion is sharper,
and why expansion of polyA has more devastating con-
sequences than even polyQ expansion. The striking differences
between A19 and A2S in particular have potential biological
relevance, since no polyA segment longer than N = 20 exists in
human proteins without pathology.
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