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ABSTRACT: Polyglutamine repeat motifs are known to induce
protein aggregation in various neurodegenerative diseases, and flanking
sequences can modulate this behavior. It has been proposed that the 17
N-terminal residues (Htt"") of the polyglutamine-containing hunting-
tin protein accelerate the kinetics of aggregation due to the formation of
helix-rich oligomers through helix-pairing interactions. Several hypoth-
eses that explain the role of helical interactions in modulating
aggregation have been proposed. These include (1) an increase in
the effective concentration of polyglutamine chains (proximity model),
(2) the induction of helical structure within the polyglutamine domain
itself (transformation model), and/or (3) interdomain interactions
between the flanking sequence and the polyglutamine domain (domain
cross-talk model). These hypotheses are tested by studying the kinetics
of polyglutamine aggregation using a Q,5 sequence fused to a well-

defined heterotetrameric coiled-coil model system. Using a combined spectroscopic and dye binding approach, it is shown that
stable coiled-coil formation strongly inhibits polyglutamine aggregation, suggesting that the proximity and transformation models
are insufficient to explain the enhanced aggregation seen in Htt"'—polyglutamine constructs. Consistent with other published
work, our data support a model in which domain cross-talk prevents formation of a nonspecific aggregated collapsed
polyglutamine state, which can act to inhibit conversion to a fibrillar state. Because our model system has a charged to nonpolar
residue ratio much higher than that of the Htt"" sequence, domain cross-talk is severely weakened, thus favoring the nonspecific
aggregation pathway and significantly inhibiting aggregation through a fibrillar pathway.

he molecular mechanism of aggregation of polyglutamine-

containing proteins is of strong interest because of the
role of such proteins in a variety of human diseases, includin%
Huntington’s disease and a group of spinocerebellar ataxias.
Like several other neurodegenerative diseases involving protein
aggregation, such as Alzheimer’s disease and Parkinson’s
disease, the underlying structural mechanism for such
aggregation is thought to involve the formation of cross-f-
sheet structures whose individual strands are open-ended in
their hydrogen bonding potential.” Polyglutamine stretches
with 35 or more glutamines are prone to aggregate through
such a cross-f-sheet assembly process, most likely involving
interdigitated glutamine side chains. This interdigitation fosters
both nonpolar and hydrogen bonding interactions in what has
been termed a steric zipper geometry,® a view that is
supplanting the classic polar zipper model.*

Interestingly, several laboratories have now shown that
sequences that are involved in cross-f-sheet fibrillization might
proceed throu%h a helical intermediate, involving helix-pairing
interactions,”™” and models for this have recently been
reviewed by Abedini and Raleigh.*’ Evidence of such
intermediates in disease has been demonstrated for Apf
(Alzheimer’s disease)® and IAPP,*'° among others. In the
reviews by Abedini and Raleigh,*” they summarize work that
suggests that the helical conformation could mediate helix-
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pairing interactions, particularly if the sequences involved are
rich in hydrophobic amino acids and at least partially
ampbhipathic in their amino acid distribution. This helix-pairing
effect (whether homogeneous or heterogeneous in its final
aggregated state) would create a high effective concentration of
aggregation-prone sequences that would then help to drive
cross-f-sheet formation, thus leading to faster cross-f-sheet
aggregation (herein termed the “proximity” model). Evidence
of such helical interactions in the N-terminal (HttNT)
polyglutamine-flanking sequence of the huntingtin protein''~**
has also been used as support for the proximity model.'>'>
More recently, it has become clear that flanking sequences
containing helical domains, such as that described above for the
huntingtin protein, play a significant role in the kinetics of
assembly specifically in polyglutamine-containing proteins.""®
A sequence-mining survey by Kandel, Hendrickson, and
others'” was conducted, and they found that predicted
coiled-coil sequences proximal to polyglutamine sequences
are quite common and thus are strongly implicated in
influencing polyglutamine aggregation potential. They pro-
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Table 1. Peptide Sequences

KKQ2sKK: KKQQQQQQQQQQQQQQQ0QQQQQQQQQKK
Htt"T: MATLEKLMKAFESLKSF
Htt""Q,sKK: MATLEKLMKAFESLKSF QQQQQQQQQ00000Q00QQQ00QQ00QQQKK

Htt""-Q-Q,:KK:

MATLEKLMKAFESLKSF GGSPGGS QQQQQ0Q00000000000000000QKK

MKKIKDKLEKIKSKLYKIKNELAKIKKL QQQQQQQQQQQQ0Q0QQQQQ0QQQQQKK

ecK: MKKIKDKLEKIKSKLYKIKNELAKIKKL
ecE: MKEIEDKLEEIESKLYEIENELAEIEKL
ecKQ,sKK:

ecK-Q-Q,:KK:

MKKIKDKLEKIKSKLYKIKNELAKIKKL GGSPGGS QQQQQQQQ000QQQQ00Q0Q000Q0KK

posed a model in which the helical conformation in coiled coils
propagates through the polyglutamine sequence and acts as a
critical intermediate in aggregation (herein termed the
polyglutamine “transformation” model). As mentioned above,
a 17-residue N-terminal domain (Htt"") in the huntingtin
protein is known to greatly accelerate polyglutamine
aggregation and is thought to do so through the formation of
a nonspecific but self-limiting oligomerization process induced
by helical interactions,'® perhaps akin to the types of
interactions seen in coiled coils, and may result in propagation
through the polyglutamine domain. Both the proximity and
transformation models are tested in the work presented here
using model systems containing polyglutamine sequences with
helical flanking domains.

More complex models that involve various direct interactions
between flanking sequences and the polyglutamine domain
have been proposed.'*'*'%'*">! Such interactions may involve
a variety of structural characteristics, most notably those
involving the spectrum of collapsed states (including possible
molten globule states) in either the flanking domains or the
polyglutamine domain itself. These models are collectively
termed “domain cross-talk” models, involving intrachain,
interdomain contacts. Evidence of the role of such collapsed
states in promoting protein fibrillization is not new>* and has
been explored again recently, focusing on chemical character-
istics of flanking domains (such as polarity) that might
influence such cross-talk. Furthermore, the lack of structural
specificity in flanking domains likely also influences the
inherent heterogeneity in oligomerization that is often present,
and thus further modulates polyglutamine aggregation.'*~>"**

In summary, the hypotheses that have been proposed to
probe the mechanisms of how the helical motif modulates
polyglutamine aggregation include (1) increasing the effective
concentration of polyglutamine chains through helix-pairing
interactions (proximity model), (2) helix propagation into the
polyglutamine sequence as a catalyst of aggregation (trans-
formation model), and (3) interactions between helix-rich
domains and a polyglutamine sequence (domain cross-talk
model). Biophysical features of the coiled coil would influence
the aggregation mechanism in any of these proposed
hypotheses and include factors such as structural stability and
dynamics, as well as the degree and specificity of oligomeriza-
tion. These competing hypotheses for the effects of putative
coiled-coil domains on polyglutamine aggregation invite a
deeper analysis of the structural role that the helical
conformation might play in protein aggregation. If such helix-
rich domains are confirmed as general effectors of the
aggregation process, then affecting their assembly may provide
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additional opportunities for intervention in human polyglut-
amine diseases.

Our heterotetrameric coiled-coil system is applied here,
involving the interaction of parallel helices that had been
designed some time ago24 to test various elements of these
hypotheses and structural features. The nature of this system
allows us to study the effects of both weakly associating
(homotetrameric) and tightly associating (heterotetrameric)
helices on polyglutamine aggregation. More structural details of
this system are described below.

B MATERIALS AND METHODS

Peptide Synthesis and Purification. Htt"", Htt"'Q, KK,
ecK, and ecE peptides were synthesized on site using an
Applied Biosystems 433A peptide synthesizer with Fmoc
chemistry. HttV'Q,sKK was purified as a mixture with an
impurity containing a one-glutamine deletion. The problems
with such impurities are well-known for polyglutamine-
containing peptides. KKQ,sKK, Htt"'-Q-Q,KK, ecK-Q-
Q,sKK, and ecKQ,sKK peptides were purchased from the
Yale University Keck Biotechnology Center (http://keck.med.
yale.edu/) (Table 1).

Crude peptides were purified using reversed phase high-
performance liquid chromatography (RP-HPLC) using a
mobile phase of water and acetonitrile with 0.1% TFA on a
Varian ProStar system equipped with a Varian Dynamax
semipreparative C18 column. HttNT-Q-Q,KK and
Htt""Q,sKK peptides were purified using a Vydac semi-
preparative protein C4 column. Peptide identities were
confirmed using MALDI-TOF mass spectrometry, yielding
the following molecular masses (in daltons, reported as
experimental, theoretical): KKQ,sKK (3734.6, 3734.0),
ecKQ,KK (6904.6, 6903.0), ecK-Q-Q, KK (7425.1, 7425.5),
Htt"T (20163, 2016.4), HttN'Q,KK (5476.1, 5476.7 and
5345.0 representing a glutamine deletion), and Htt""-Q-Q, KK
(5933.5, 5933.5 and 5805.7 representing a glutamine deletion).
Confirmation of the masses of the other peptides used in this
study has been previously reported.**

Disaggregation Protocol. Peptides were disaggregated as
follows. In a scintillation vial, 2—3 mg of lyophilized peptide
was dissolved in a 1:1 HFIP/TFA mixture and solubilized
overnight at room temperature (HFIP and TFA were obtained
from Sigma-Aldrich). After solubilization, the solutions were
dried under a constant stream of N, for 1 h, after which a film
formed around the vial walls. Samples were then further dried
under vacuum for ~30 min. Dried samples were dissolved in a
H,0/0.1% TFA mixture and filtered through a 0.2 ym low
protein binding filter (Pall HT Tuffryn Membrane) to remove
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larger scale aggregates. Samples were then transferred for
centrifugation to a polycarbonate thick-wall tube and placed
into SW 50.1 rotor adapters. The adapters were then placed
onto an SW 50.1 rotor and prechilled at 4 °C. Samples were
spun at 50000 rpm and 4 °C for 6 h. After centrifugation, the
top ~60% of the supernatant was removed. This procedure
helped to remove smaller scale aggregates. An aliquot of 100 uL
from the collected supernatant was used for concentration
determination as well as in dynamic light scattering measure-
ments for the final determination of residual aggregation.
Protein stock solutions were again filtered through a 0.2 ym
low protein binding filter. Stock concentrations were
determined either by using a modified ninhydrin assay>>*® or
by measuring the tyrosine absorbance at 280 nm in 6 M
GuHCL” This disaggregation protocol was performed prior to
each experiment and validated as a monomeric pool using
dynamic light scattering.

Circular Dichroism Spectropolarimetry. Secondary
structures of freshly disaggregated fibrils and of diluted mature
fibrils were monitored using an Aviv 410 circular dichroism
spectropolarimeter using a 1 mm path length quartz cuvette.
Fibrils were diluted to a peptide concentration of 20 yM in 2.7
mM KCl, 136.9 mM NaCl, 1.5 mM potassium phosphate, and
8.9 mM sodium phosphate (pH 7.1) [PBS (pH 7.1)]. Scans
were taken using a 1.5 nm bandwidth, ranging from 180 to 260
nm, using a step size of 0.5 nm, and an averaging time of 3 s.
The reported spectra are buffer subtracted averages collected
over three scans.

Fluorescence Spectroscopy. Dye binding experiments
were performed using ThT, DCVJ, or ANS. Extinction
coefficients for the dyes are 26620 M™' cm™ for ThT at 416
nm in ethanol,”® 65900 M~ cm™ for DCV]J at 453 nm in a
50:50 ethanol/water mixture,”® and 7800 M~ cm™ for ANS at
372 nm in 1 N NaOH.**** Dye binding spectra were recorded
using an F-7000 fluorescence spectrophotometer (Hitachi
High-Technologies Corp.) with a 3 mm path length
fluorescence cuvette. All samples were prepared in PBS (pH
7.1) unless stated otherwise. The kinetic data were fit to the
following kinetic function:

A1 _Az

y= (x—x,)/dx

= + A,
1+e

where A) and A, are the starting and ending absorbance signals,
respectively, dx is the time constant for the transition, and x,
represents the center of the transition along the x-axis.

Dynamic Light Scattering. All measurements were taken
at 25 °C in PBS (pH 7.1). Data were collected using a
DynaPro-MS/X dynamic light scattering instrument (Wyatt
Technology, Santa Barbara, CA) equipped with an 825 nm
laser set at 10% power. The temperature was controlled using a
DynaPro temperature-controlled microsampler. Instrument
operation, data collection, and analysis were managed using
the Dynamics (version 6.0) software interface. Measurements
were made using a 3 mm path length microcell cuvette to
minimize sample volume. For each sample, a set of four
independent measurements were made, with each measure-
ment consisting of 30 runs each. Time-dependent fluctuations
in the scattered light were analyzed using a second-order
correlation function. Data were analyzed assuming a standard
linear polysaccharide model, which most closely approximates
the shape of ribbon fibrils.

Analytical Ultracentrifugation. Sedimentation velocity
experiments were conducted in a Beckman Proteome Lab XL-A
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analytical ultracentrifuge equipped with an An60Ti rotor.
Samples were run at 50000 rpm and 20 °C, collecting 150 scans
per sample while using a time delay between scans of 300 s.
Peptide concentrations ranged between 50 and 300 uM for ecK
and Htt"". All samples were measured in PBS (pH 7.1) and
0.75 M NaCl. Temperature-dependent partial specific volumes
(0.7982 mL g~ for ecK and 0.7648 mL g~' for Htt""), solution
density (1.0311 g mL™"), and viscosity (1.0807 X 10> Pa s)
were calculated using SednTerp version 1.09.>" Sedimentation
velocity data were analyzed using DCDT+ version 2.4.0 (John
Philo, Thousand Oaks, CA). Molecular masses for analyzed
species were calculated from best fit s,,, and D, , values using
DCDT+.

B RESULTS

This work takes advantage of the extensively studied polyglut-
amine peptide sequence, KKQ,;KK>* (peptide sequences listed
in Table 1), to explore the effects of N-terminally fused helix-
rich domains on cross-f-sheet assembly and aggregation. The
influence of the 17-residue N-terminal domain from the
huntingtin protein (Htt") is compared to that of a designed
coiled-coil sequence (ecK)** on the kinetics of polyglutamine
assembly. Htt"" is known to significantly increase the rate of
polyglutamine assembly; however, it is poorly understood how
the structural and/or chemical characteristics of this sequence
accomplish this increase in rate. It is thought that helix-pairing
interactions within the Htt"" domain play a critical role. As a
prelude, a comparison is made between the biophysical and
structural characteristics of this sequence and that of a well-
characterized coiled-coil sequence in preparation for a study of
how such sequences influence polyglutamine aggregation. An
understanding of the biophysical and structural characteristics
of HttNT provides an opportunity for a deeper molecular
interpretation of the role of flanking sequences in modulating
polyglutamine aggregation.

Characterization of ecK and Htt"". Two peptide
sequences exploited for this study were derived from our
earlier work, involving the design and characterization of a
heterotetrameric coiled coil.>* These peptides include ecK,
which contains a total of eight lysine residues distributed in “c”
and “e” heptad positions, and ecE, containing glutamates at
these same positions. These peptides when prepared
individually in solution are essentially disordered, and only
upon mixing is a stable four-chain coiled coil formed, held
together in part by salt bridges between the Iysines and
glutamates (Figure 1). Therefore, it appears that the ecK
sequence, having disordered characteristics similar to those of
Htt"", would be a good model for comparison as a weakly
associating coiled-coil system.

CD spectra of HttN" and ecK are very similar when measured
in the low micromolar range (Figure S2 of the Supporting
Information), having features expected for largely unfolded
peptides (15 and 16% helix content, respectively>>), and in the
case of HttNT, representing its likely conformation as an
intrinsically disordered domain in the intact huntingtin protein.
In both peptides, nonpolar residues are thought to play an
important role in driving coiled-coil assembly. The contribution
of the hydrophobic effect to protein stability can be
approximated by taking advantage of the salting out (or
Hofmeister) effect,>® and this feature is explored in the
Supporting Information. To demonstrate the acquisition of
helical structure at higher peptide concentrations, titrations
were conducted as shown in Figure S1B of the Supporting

dx.doi.org/10.1021/bi500449a | Biochemistry 2014, 53, 6738—6746



Biochemistry

GNC4-pLI MKQIEDK LEEILSK LYHIENE LARIKKL LGER
ecE MKEIEDK LEEIESK LYEIENE LAEIEKL
eck MKKIKDK LEKIKSK LYKIKNE LAKIKKL

Figure 1. Ribbon and stick model of the ecK/ecE coiled-coil
heterotetramer. Stick representations of the lysine and glutamate
residues emphasize the ion pair interactions between these residues at
the interfaces of the helices. The sequences used to build the model
are shown (ecE and ecK). Reproduced from ref 24. Copyright 2009
John Wiley & Sons, Inc.

Information (see also panels A and C of Figure S2 of the
Supporting Information for full CD spectra). Both Htt"" and
ecK show fully helical content at peptide concentrations of >50
uM and have similar stability profiles, suggesting that ecK
would be a reasonable model for testing the role of coiled-coil
stability on polyglutamine aggregation. To further the
biophysical analysis, thermal stabilities of the two peptides
were measured, again using CD (Figure 2A), revealing a
significant difference in the cooperativity of folding. While
oligomeric heterogeneity is certainly a hallmark of the behavior
of HttNT, this thermal unfolding behavior is more consistent
with an ill-defined hydrophobic core, in which the folded, or
collapsed, structure is likely to be dynamic and perhaps
possesses molten globule characteristics. It may be that the
observed oligomeric heterogeneity is a manifestation of this
structural property of the peptide. ANS, a dye that intercalates
into dynamic nonpolar cores,*> ™7 was used to test the molten
globule hypothesis (Figure 2B). There is a significant increase
in the fluorescence of ANS upon mixing with Htt"", similar to
the effect seen upon binding of ANS to apomyglobin, a protein
whose molten globule characteristics are well-established. In
contrast, ANS shows no fluorescence upon being mixed with
ecK, confirming our earlier study showing that this peptide
forms a coiled coil with a well-structured core.”* These
differences in biophysical behavior may be of critical
importance in interpreting differences in kinetic behavior for
the fusion constructs discussed below.

The oligomeric states of these peptides were probed directly
using sedimentation velocity experiments. In previous work, it
had been shown that the ecK peptide, when mixed with the ecE
peptide, forms stable heterotetramers.”* The ecK peptide by
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Figure 2. (A) Comparison of helix content as a function of
temperature for ecK and Htt"', as measured by CD. The ecK
concentration used was 150 yM in 0.75 M NaCl, and the HttNT
concentration used was 124.5 M in 125 M NaCl. Both were
measured in PBS (pH 7.1) at 25 °C. (B) Comparison of ANS binding
for ecK (orange) and Htt"" (yellow, with an intensity of ~5 cps) to
that of ANS alone (black, overlapped with lysozyme spectrum), 99%
EtOH (blue), apomyoglobin (cyan, with an intensity of ~20 cps), and
lysozyme (magenta), as measured by fluorescence. All samples were
prepared with 1 M ANS in PBS (pH 7.1) at 25 °C.

itself is largely monomeric at low micromolar concentrations.
At higher concentrations, at which significant oligomerization
was expected on the basis of the acquisition of helix content as
a function of increasing peptide concentration (as shown in
Figure S1B of the Supporting Information), ecK sedimented
with an s, of 1.10 S, which when coupled to a best fit value of
D, of 10.61 X 1077 cm® s7', results in a molecular weight
close to that expected for a tetramer. The Htt"" peptide
showed greater polydispersity, with at least two species, with
Sy Values of 1.12 and 1.83 S, which when coupled to the
measured D, values of 13.10 X 10~ and 5.93 X 1077 cm? s
correspond to molecular weights of tetramer and above. Such
nonspecific self-assembly is consistent with molten globule
behavior.

Characterization of KKQ,;KK and ecKQ,;KK. Having
established basic biophysical characteristics of these peptides,
we studied the influence of ecK on polyglutamine aggregation
by fusing it to the KKQ,KK sequence (see Table 1). To
increase the level of confidence that comparisons could be
made with earlier work exploring the aggregation kinetics of
KKQ,;KK and HttN'Q,KK, peptides containing polyglut-
amine sequences (Table 1) were subjected to a disaggregation
protocol adapted from Wetzel's work,*® as described in
Materials and Methods. Pre- and postcentrifugation aliquots
were analyzed by DLS (Figure S3 of the Supporting
Information) to assess the efficacy of the disaggregation
protocol. The centrifugation step was most essential in
providing a highly purified monomeric pool. Final peptide
concentrations for the stock solutions ranged between 215 and
230 uM. CD spectra of freshly disaggregated KKQ,sKK were
taken to demonstrate that the starting material was largely
unfolded (Figure S4 of the Supporting Information).

Confirmation of the kinetic findings for KKQ,sKK was
conducted, as described by Wetzel and colleagues.*” They
showed, using both ThT binding and an HPLC assay,39 that
the KKQ,sKK peptide assembles through a high-energy
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nucleation intermediate with a critical nucleus size (n*)
involving two chains. Fibrils of this peptide were shown to be
rich in f-sheet, similar to other polyglutamine model systems
and various amyloid systems. These findings were reproduced
using DCV]J, a dye known to have higher sensitivity and greater
selectivity for cross-f3-sheet fibrils (Figure SS of the Supporting
Information).””*’ Data were analyzed as previously de-
scribed*** using a range of KKQ,KK concentrations.
Aggregation kinetics were measured as a function of peptide
concentration (Figure SSA of the Supporting Information), and
the percent monomer was plotted as a function of time (Figure
SSB of the Supporting Information), as previously described.**
The midpoints of each kinetic experiment were used to replot
the data with the time parameter plotted as a function of
peptide concentration (Figure SSC of the Supporting
Information). Finally, the data from Figure SSC of the
Supporting Information were then used to generate a log—log
plot of the slope as a function of peptide concentration (Figure
SSD of the Supporting Information). The data set was then fit
with a straight line with a resultant slope of 3.39 + 0.04, which
corresponds to an n* value of 1.4. The n* value for KKQ,;KK
was previously reported to be equal to 2 with a log—log slope
variation between 3.86 and 4.31.°* Such variation in the n*
value is not surprising given the complexity of the
disaggregation protocol and slight variations in the disaggrega-
tion procedure used here. Additionally, it is possible that the
use of different dyes might result in some variation, as well,
particularly if the binding of the dye itself might influence the
kinetics of aggregation, a problem that has not been addressed
adequately in the literature.

The kinetics of aggregation were studied for our ecKQ,;KK
coiled-coil-polyglutamine hybrid construct to compare our
results to both those for KKQ,;KK and those for the more
recently studied HttNTQ,sKK fusion construct.'> A kinetic
analysis of the aggregation was performed for ecKQ,sKK at a
variety of concentrations (Figure S6A of the Supporting
Information), akin to that reported above for the KKQ, KK
peptide. At comparable monomer concentrations (~140 yM),
KKQ,sKK aggregates with a t,,, equal to 87.5 + 2.7 h, similar
to values seen previously,>> and can be compared to that
observed for ecKQ,KK [238 + S h (Figure 3A)]. Most
notably, the ecK fusion construct aggregates at a rate that is
much slower than that observed for the HttN'Q,KK fusion
construct, as shown in our own work (see Figure S8 of the
Supporting Information; f,,, of 32 h when measured at a
monomer concentration of 33.7 uM), and that reported
previously (t;, of 25 h when measured at a monomer
concentration of ~5 uM).'* Given the incomplete aggregation
isotherms in the time frame of the kinetic measurements, n*
values could not be determined with any level of precision. The
features that ecK and Htt"" share in common include being
largely monomeric in solution and showing weak helical
propensity. Therefore, these properties can be discounted as
explanations for our disparate results.

To confirm the presence of f-sheet in the aggregation
pathway of the ecKQ,sKK peptide, the acquisition of secondary
structure was measured using CD as a probe. Figure 4A shows
CD spectra collected immediately upon disaggregation, and
after being incubated for 7 and 14 days. As expected, the
peptide is mostly unfolded at time zero. At day 14, the peptide
is largely in a p-sheet conformation, consistent with that
inferred from the ThT binding assay. It was interesting to note
that on day 7 the peptide shows a decidedly a-helical character,
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Figure 3. Kinetics of aggregation of peptides used in this study, as
monitored by changes in ThT fluorescence intensity. The data are
shown fit with a kinetic function as described in Materials and
Methods. (A) Aggregation kinetics of KKQ,3sKK (solid line and filled
squares), ecKQ,KK (dashed line and filled circles), and ecK-Q-Q, ;KK
(dotted line and filled triangles). (B) Kinetics of ecKQ,sKK
aggregation in the absence (dashed line and filled circles, from panel
A) and presence (dotted line and empty circles) of equimolar ecE
peptide, as compared to KKQ,;KK (solid line and filled squares, from
panel B). (C) Kinetics of ecK-Q-Q,;KK aggregation in the absence
(dashed line and filled triangles, from panel A) and presence (dotted
line and empty triangles) of equimolar ecE peptide, again as compared
to KKQ,5KK (solid line and filled squares, from panel B). The total
monomer peptide concentrations are kept constant at 140 uM,
prepared in 30 #uM ThT and PBS (pH 7.1) and measured at 25 °C.
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Figure 4. Kinetics of aggregation followed by CD spectra of
ecKQ,KK and ecK-Q-Q,KK. (A) CD spectra of ecKQ,KK diluted
aggregates at three time points. Mature ecKQ,sKK samples in PBS
(pH 7.1) were diluted to a total monomer concentration of 20 uM.
(B) Comparison of ecKQ,sKK with and without ecE on day 14 using a
total monomer concentration of 20 gM. (C) Same conditions as in
panel A for the CD analysis of ecK-Q-Q,;KK. (D) Comparison of
ecK-Q-Q,KK with and without ecE.

suggesting the possibility that an intermediate in the
aggregation pathway involves coiled-coil assembly, as proposed
previously.

Because ecK alone is highly unstable as a coiled-coil
homotetramer, the ecE peptide was added to test the effect
of stabilizing the coiled coil on fibril aggregation, which would
incorporate interhelix salt bridge interactions. On the basis of a
proximity model, it is expected that stabilization would result in
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accelerated aggregation due to an increase in the effective
concentration of the polyglutamine sequences. The results of
the addition of ecE to ecKQ,sKK in a ThT binding assay are
shown in Figure 3B and suggest further inhibition of the
kinetics of aggregation to a t;, projected to be greater than 300
h. It should be noted though that the polyglutamine sequences
are being diluted by 2-fold because assembled heterotetramers
would now have only two polyglutamine sequences in the
proximity of one another, so our results must be interpreted
with all due caution. Interestingly, we find that the addition of
the ecE peptide results in both the enhanced stability of the
coiled coil and the persistence of helix content over time
(Figure 4B). Particularly intriguing in the results presented in
Figure 4B is the magnitude of the CD signal at 222 nm, with a
mean residue ellipticity of approximately —35000 deg cm’
dmol™, suggesting that the entire peptide is in a helical
conformation, including the polyglutamine domain. A compar-
ison with the results for the ecK-Q-Q,;KK:ecE complex (see
below) is particularly instructive with respect to the role of helix
stabilization in the conformation of polyglutamine.

The aggregation state of ecKQ,sKK was determined by DLS
at a time point at which the helical conformation is present
(Figure 4A) and ThT binding is negligible (Figure 3A). Panels
A and B of Figure S7 of the Supporting Information show a
significant increase in light scattering after 150 h, which when
coupled with the CD results suggests that the helical
conformation is correlated with limited aggregation. A kinetic
analysis, as measured by DLS, also shows that an increase in
light scattering temporally precedes binding of the ThT dye,
suggesting that aggregation and helix formation help to define a
highly populated intermediate prior to the induction of
aggregation due to the cross-f-sheet as monitored by ThT
(Figure SA). Helix-induced aggregation preceding cross-f3-sheet
aggregation has been noted in polyglutamine aggregation
studies from other laboratories.*>**
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Figure S. Kinetics of aggregation for (A) ecKQ,;KK and (B) ecK-Q-
QKK as monitored by DLS (solid line and squares) and ThT
binding (dashed line and circles). The data are shown fit with a kinetic
function as described in Materials and Methods. Peptide concen-
trations are 140 yM. The ThT data are taken from Figure 3 and
normalized to emphasize the difference in aggregation kinetics
between the two techniques. The normalization for both the ThT
binding and DLS data required estimation of the signal for the
aggregated species, therefore quantifying the kinetic analysis is not
justified.

6743

Characterization ecK-Q-Q,sKK and Htt"\™-Q-Q,:KK. To
test the hypothesis that helix propagation into the polyglut-
amine sequence can increase the rate of aggregation (trans-
formation model), a peptide was designed in which a helix-
stopping linker sequence is inserted between the coiled-coil
sequence and the polyglutamine sequence [ecK-Q-Q,KK
(sequence shown in Table 1)]. The proline and glycine
residues in the linker would act to prevent propagation of the
helix into the polyglutamine sequence, while the combination
of glycines and serines applies established design principles to
ensure chain flexibility and solubility.* The aggregation kinetics
for this peptide were studied at a set of peptide concentrations
similar to that reported for ecKQ,;KK (Figure S6B of the
Supporting Information) and compared to that for ecKQ,;KK
and KKQ,sKK at a single concentration (Figure 3A). A
significant inhibition of the rate of aggregation is noted (with a
t,)» equal to 315.3 + 3.0 h for ecK-Q-Q,sKK) when compared
to that of the peptide without the linker sequence (t,,, equal to
238 + S h).

CD spectra collected for ecK-Q-Q,KK (Figure 4C) at the
same time points as those measured for ecKQ,sKK show minor
but interesting differences. On day 7, the peptide, while slightly
more helical than at time zero, is still significantly unfolded and
is minimally aggregated (Figure S7C,D of the Supporting
Information), and on day 14, there has been little maturation to
P-sheet, consistent with the lack of ThT binding. Addition of
the ecE peptide, while also stabilizing the coiled-coil structure
(Figure 4D), results in a mean residue ellipticity of less than
—15000 deg cm* dmol ™!, which suggests that the polyglutamine
domain remains largely unfolded, most likely because of the
helix-stopping linker preventing propagation of the ecK helix
into the polyglutamine sequence. Interestingly, there is little
difference in the kinetics of aggregation for ecK--Q,KK in
the presence or absence of ecE (Figure 3C), suggesting that
isolating the helical conformation to the ecK sequence relieves
the influence of coiled-coil stabilization and subsequent
propagation into the polyglutamine sequence on cross-f-sheet
aggregation as seen for ecKQ,sKK. What is surprising perhaps
is that no inhibition due to polyglutamine dilution in the
heterotetramer is observed. Overall, it can be concluded that a
comparison of the kinetic results obtained from ecK fusion
peptides with and without the linker supports a limited
stimulation of kinetic rate in the absence of the helix-stopping
sequence that may be correlated with helical transformation of
the polyglutamine sequence. The magnitude of this effect,
though, is insufficient to provide an explanation for the rapid
kinetics of assembly of the Htt""-Q, fusion construct seen in
both in our work and in previous work."?

Finally, to complete the test of the transformation model, we
compared the kinetics of aggregation of Htt""Q,sKK and that
of HttN"-Q-Q, KK (sequences shown in Table 1). Both DLS
and ThT assays were conducted (Figure S8 of the Supporting
Information) for the two HttNT peptides. It is noted that our
results for HttV'Q,KK are similar to those reported previously,
after correcting for concentration effects.'” Both peptides (with
and without the linker) show indistinguishable rapid kinetics of
aggregation. These results suggest that helix transformation is
not a significant factor in the aggregation kinetics of HttN"
fusions, whereas for the ecK fusions, it does appear that
propagation of the helical conformation into the polyglutamine
domain might slightly accelerate aggregation.
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B DISCUSSION

It has been shown previously that a 17-amino acid N-terminal
segment from the huntingtin protein (Htt"") causes a dramatic
increase in polyglutamine aggregation rate when compared to
that seen with the simple polyglutamine sequence alone.'® Our
goal was to understand what properties of the structure formed
by the Htt"" sequence might be responsible for these effects on
the aggregation mechanism and kinetics compared to that
which is seen with simple polyglutamine peptide model
systems. Hence, a comparison of the effects of a well-
understood coiled-coil model system to that seen with the
HttNT sequence on polyglutamine aggregation was made,
testing the set of hypotheses outlined in the introductory
section.

The results show that a peptide that forms a canonical coiled
coil (specifically, a tetramer), when fused to a polyglutamine
sequence, greatly inhibits the aggregation rate of such a
sequence. By exploring a set of sequence variants, we found the
results show that this inhibitory affect cannot be ascribed to a
straightforward biochemical effect, such as increasing effective
concentration, as proposed in the proximity model. Rather, it is
likely to be a complex combination of subtle hydrophobic and
dynamic effects in the coiled-coil domain itself, as well as the
effects of the sequence composition in interactions between this
domain and the polyglutamine domain.

It has been shown that the HttN" domain, which flanks the
polyglutamine sequence in the huntingtin protein, forms
transient reversible helix-rich tetramers, and that such tetramers
further assemble to octamers and higher-order species, either
when fused to a polyglutamine sequence'’ or as an
independent unit (as demonstrated in our sedimentation
velocity study). Our biophysical analysis of the HttN" sequence
suggests that the nonspecific nature of oligomerization may
arise from the molten globule-like characteristics of its
structure. Such oligomeric heterogeneity has been suggested
to be an important influence in the details of the nucleation and
subsequent aggregation behavior of these peptides.”’ The
ability to access higher-order oligomeric states with HttN"
fusions but not with our ecK fusions suggests that the former
oligomers would have a higher local concentration of
polyglutamine. At best, our system would have no more than
four polyglutamine domains present in the oligomeric structure,
whereas those containing the Htt"" fusion may have as many as
12—16 such domains. Thus, the acceleration in kinetics that is
observed in the Htt"" model system, relative to our ecK model
system, provides some support for the proximity model.
However, a critical finding in our results that is inconsistent
with the proximity model is that both ecK fusion constructs
result in aggregation slower than that of the parent peptide,
KKQ,sKK, which we and others have shown to elongate into
fibrils from a nucleation state of a monomer or dimer.>?

On the basis of suggestions made by Kandel, Hendrickson,
and others,"” it was also intriguing to test how flanking coiled-
coil domains might impact aggregation rates based on helical
transformation of the polyglutamine domain (transformation
model), and our data show that a highly stable coiled coil can
indeed rapidly induce an adjacent polyglutamine sequence to
become helical. It is not unprecedented for polyglutamine
domains to adopt the secondary structure contained within an
adjacent amino acid sequence through a propagation
mechanism.'* While the ecKQ,;KK construct is 100% helical
early in a kinetic profile, it cannot be ascertained whether such a
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structure is off-pathway or on-pathway in going toward the
cross-f-fibril aggregation as observed at a later time. Upon
insertion of a helix-stopping linker sequence between the
coiled-coil domain and the polyglutamine domain, a slight
inhibition of the rate of aggregation is seen. Therefore,
assuming an on-pathway mechanism, the helical conformation
of the polyglutamine domain may more readily adopt a cross-f-
sheet conformation than an intrinsically disordered domain as
the starting point, as present in the peptide with the helix-
stopping linker. It is formally possible that the introduction of
the loop sequence itself might further inhibit the acquisition of
a f-strand conformation in the polyglutamine domain and
explain the slight inhibition.

In spite of the small difference in aggregation rates that is
observed for the two ecK fusions, the transformation model
cannot account fully for the large difference in rate that is
observed between the rate for Htt"" fused directly to a Q,q
sequence and that for the ecK-modified Q.5 constructs. To
further support this conclusion, the same helix-stopping
sequence was placed in the Htt"'-Q,s fusion construct, and
experimental analysis revealed no effect on the rate of
aggregation upon comparison of the two Htt"'-derived
peptides. One last point that can be addressed in this analysis
is the disposition of the coiled-coil domain after cross-f-sheet
aggregation. In the following paper in this issue (DOI:
10.1021/bi501066q), focusing on details of the morphology
of resultant fibrils, the coiled-coil domains appear as irregular
pendant structures on a core cross-f3-sheet fibril, thus not likely
contributing to the overall architecture of these mesoscale
structures once they are formed.

Our findings seem most consistent with a domain cross-talk
model in offering an explanation for the difference in kinetics
between the two model systems. In this model, as described by
Pappu and his colleagues,”® interactions between the HttN"
domain and the polyglutamine domain are critical in
determining the aggregation pathway and that the strength of
these interactions depends upon both the polyglutamine length
and the lack of structural order in both of these domains. It is
generally thought that a highly collapsed disordered state may
promote nonspecific protein aggregation,22 and Pappu and his
colleagues suggest that such aggregated disordered states, when
present in polyglutamine domains, can act to inhibit
reorganization into a conformation that can lead productively
to the cross-f-sheet fibrillar structure. They propose that the
Htt"T domain can attenuate the aggregation of this disordered
state by direct intrachain interaction. This interaction depends
as well on the degree to which the Htt"" domain is itself
behaving as a collapsed and disordered state. Highly charged
flanking sequences, lacking in nonpolar residues, cannot readily
form collapsed states and thus are less likely to allow domain
cross-talk. In the case of the HttN' sequence, its overall lack of
charge and particular distribution of nonpolar side chains would
favor domain cross-talk, which can then act to favor a
polyglutamine state that is more prone to fibrillar aggregation
rather than nonspecific aggregation. This holds particularly for
polyglutamine sequences that are <25 residues in length.>* This
interpretation is consistent with published data that show that
phosphorylation of serine residues at positions 13 and 16 in the
Hitt"T sequence suppresses huntingtin amyloid accumulation.*®
Our ecK peptide has a net charge of +8 (the net charge on
Htt"" is only +1); thus, this offers a ready explanation for why
the rate of aggregation is so much slower than that of the Htt""
fusion construct, reiterating the point that highly charged
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chains cannot readily form collapsed states or interact with
other collapsed domains. This charge effect also likely explains
why the kinetics of aggregation is slower than that of the parent
peptide, KKQ,sKK, due to electrostatic repulsive effects.
Neither the transformation model nor the proximity model
can adequately reconcile this unusually slow assembly process.
If the domain cross-talk model is the dominant operating
principle, then one would not expect much of a difference in
aggregation kinetics in the presence or absence of the helix-
stopping linker because there is no effect on the net charge or
distribution of nonpolar residues upon introduction of this
sequence. This is borne out by the lack of a large difference in
the kinetic rates for the two ecK peptide constructs, or in the
two Htt"T peptide constructs for that matter.

In summary, while the transformation model can be ruled
out as an explanation for the rapid aggregation of polyglutamine
domains in the presence of the Htt"" flanking sequence, the
proximity model cannot be fully ruled out as having some
impact on aggregation rates. However, the data presented here
best support a more complex behavior involving domain
interactions, or “cross-talk”, as proposed by Pappu and
others.'? 7123
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ence for Htt"" and ecK (Figure S1), full CD spectra of the
titration experiments shown in Figure S1 (Figure S2), DLS
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