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ABSTRACT: In polyglutamine (polyQ) containing fragments
of the Huntington’s disease protein huntingtin (htt), the
N-terminal 17 amino acid httNT segment serves as the core of
α-helical oligomers whose reversible assembly locally concen-
trates the polyQ segments, thereby facilitating polyQ amyloid
nucleation. A variety of aggregation inhibitors have been described that achieve their effects by neutralizing this concentrating
function of the httNT segment. In this paper we characterize the nature and limits of this inhibition for three means of suppressing
httNT-mediated aggregation. We show that the previously described action of httNT peptide-based inhibitors is solely due to their
ability to suppress the httNT-mediated aggregation pathway. That is, under httNT inhibition, nucleation of polyQ amyloid
formation by a previously described alternative nucleation mechanism proceeds unabated and transiently dominates the
aggregation process. Removal of the bulk of the httNT segment by proteolysis or mutagenesis also blocks the httNT-mediated
pathway, allowing the alternative nucleation pathway to dominate. In contrast, the previously described immunoglobulin-based
inhibitor, the antihttNT VL 12.3 protein, effectively blocks both amyloid pathways, leading to stable accumulation of nonamyloid
oligomers. These data show that the httNT-dependent and -independent pathways of amyloid nucleation in polyQ-containing htt
fragments are in direct kinetic competition. The results illustrate how amyloid polymorphism depends on assembly mechanism
and kinetics and have implications for how the intracellular environment can influence aggregation pathways.

The expanded CAG repeat diseases are a series of familial
neurodegenerative conditions resulting from the expan-

sion of a polyglutamine (polyQ) tract in a disease protein.1

While disease mechanisms remain obscure, the early cellular
events are presumably triggered by pathogenic interactions
between one or more cellular targets and either monomers or
aggregates of the expanded polyQ protein.2 The polyQ repeat
length dependence of both disease risk and disease onset1

correlates with the repeat length dependence of aggregation
onset,3,4 and polyQ-containing aggregates are found in victims
of each of these diseases.1,5 The detailed structures of the toxic
species and the identities of their cellular targets are not known.
As with many other aggregation disease proteins,6−11 polyQ

proteins are able to form a number of polymorphic aggregates
both in vitro and in vivo.2,12,13 Simple polyQ peptides, flanked
by a few charged residues, undergo classical nucleated growth
polymerization into amyloid fibrils without the intervention of
the kind of nonamyloid oligomeric species often observed in
amyloid formation by disease proteins like Aβ.2,14,15 In contrast,
polyQ fused to some flanking sequences, such as the 17 amino
acid N-terminus (httNT) of the Huntington’s disease (HD)
protein huntingtin (htt), exhibit early formation of roughly
spherical oligomers lacking β-structure, and these oligomers
play critical roles in the formation of mature polyQ-core
amyloid.2,16−18 Aggregates of a wide range of morphologies
have been isolated from a HD tg mouse model,13 and it is a
reasonable possibility that only some of these aggregate

polymorphs might be toxic. If so, it becomes particularly
important to understand how the cellular environment interacts
with the polyQ protein sequence to direct the formation of
different aggregate morphologies.
Previous studies uncovered evidence that different growth

conditions give rise to aggregates of polyQ-containing htt
fragments that exhibit different morphologies and cytotoxicities.19

More recently, it was demonstrated that aggregates isolated from
a number of HD tg mouse models are capable of seeding polyQ
aggregation in vitro,20 suggesting an amyloid-like morphology and
consistent with toxicity mechanisms postulating recruitment of
normal polyQ proteins into aggregates.21,22 Alternatively, non-
amyloid oligomeric forms of htt fragments might be the toxic
agents, consistent with the current view of aggregate toxicity in
other disease states.8−10,23 However, there is also some recent
indirect evidence against a toxic role for such oligomers, in that
analogues of polyQ-containing htt fragments that appear to be
only capable of forming nonamyloid oligomers18 are not toxic
when expressed in mammalian cells.24,25 The open question as to
the nature of the toxic species in HD emphasizes the importance
of better understanding the htt aggregation pathway and how it
might be impacted by interactions with other molecules.
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In this paper we describe how the aggregation reactions and
products of polyQ-containing htt fragment model peptides are
modified by certain effector molecules and protein modifica-
tions relevant to the cellular environment. We find that some
events that target the key role of the httNT segment can delay
httNT-mediated polyQ aggregation, providing a window for the
operation of the normally underrepresented aggregation
pathway analogous to that for simple polyQ peptides. Another
httNT targeting inhibitor, in contrast, completely blocks
nucleation of amyloid by any mechanism, leading to the stable
accumulation of large nonamyloid oligomers. The results show
that polyQ-containing htt fragments are capable of engaging at
least three aggregation pathways leading to different aggregate
products and that the relative kinetics of these pathways can be
influenced by other molecules and interactions. Since the
different pathways generate aggregates of different structures
and properties, the possibility exists for modulating toxicity not
only by eliminating aggregation but also by its redirection
toward more benign aggregated products.

■ MATERIALS AND METHODS

Materials. Synthetic peptides were obtained in unpurified
form from the Keck Biotechnology Center at Yale and were
HPLC purified and disaggregated using a combination of
aggregate dissociation and ultracentrifugation, as described.26 In
some peptides an F17W mutation is present; previously, we
found that this mutation has a negligible effect on aggregation.16

Acetonitrile, hexafluoroisopropanol (99.5%, spectrophotometric
grade), and formic acid were from Acros Organics, and
trifluoroacetic acid (99.5%, Sequanal grade) was from Pierce.
General Methods. The sedimentation assay,26 the ThT

and 90° light scattering assays,27 and the nucleation kinetics
analysis14,26 have been described. The isolation of aggregates
for seeding analysis was conducted by centrifuging a reaction
aliquot at 14 800 rpm in an Eppendorf centrifuge at 4 °C for
30 min, washing the pellet 2−3 times with PBS, resuspending
in buffer, and determining the aggregate concentration by an
HPLC analysis of a formic acid dissolved aliquot, as
described.26,28 SEC was on a Superdex 75 10/200 column
(GE Health Sciences) equilibrated in PBS on an Agilent 1200
isocratic HPLC system with a flow rate of 0.4 mL/min and
elution monitored at 214 nm. The column was calibrated with
aprotinin, cytochrome C, ribonuclease, ovalbumin, and bovine
serum albumin. In complex formation experiments, new peaks
were characterized by analysis of 500 μL portions of the peak
fractions on a reverse phase HPLC column with detection on
an Agilent 1100 LC-MS system.

Electron Microscopy. Aliquots of aggregation reaction
mixtures were taken at different time points and visualized by
electron microscopy. A 3 μL sample was placed on a freshly
glow-discharged carbon-coated grid, allowed to adsorb for
2 min, and washed with deionized water before staining with
2 μL of 1% uranyl acetate and blotting. Grids were imaged on a
Tecnai T12 microscope (FEI Co., Hillsboro, OR) operating at
120 kV and 30000× magnification and equipped with an
UltraScan 1000 CCD camera (Gatan, Pleasanton, CA) with
postcolumn magnification of 1.4×.

Recombinant Protein Expression. The region encoding
amino acids M1 to G115 of the αHtt-VL 12.3 domain was
amplified by PCR using plasmid DNA (pNES-VL12.3, a gift
from Dane Wittrup) as template. The resulting amplicon was
then inserted into a pET15b expression vector (Novagen),
using NdeI and XhoI restriction sites at the 5′ and 3′ ends,
respectively, generating an N-terminal His-tagged αHtt-VL 12.3
domain construct. Following sequence verification, the
VL12.3−15b plasmid was transformed into E. coli Rosetta2
(DE3) cells (Novagen). Cultures were grown at 37 °C, induced
with 1 mM IPTG at OD600 of ∼0.8, and further grown at 16 °C
for 18 h for protein production. Cells were harvested by
centrifugation, resuspended in TBS buffer (25 mM Tris.HCl,
150 mM NaCl, 3 mM NaN3, and pH 8.0), and lyzed by
sonication. Protein was purified by metal affinity chromatog-
raphy on Ni2+-derivatized HisTrap columns (GE Healthcare)
using a linear (20−1000 mM) imidazole gradient for elution.
Purified protein was digested with thrombin in TBS buffer for
removal of the His tag (leaving a Gly-Ser-His sequence at the
N-terminus of the VL protein), followed by gel filtration on
Superdex75 (GE Healthcare) in 20 mM sodium phosphate,
100 mM NaCl, and 3 mM NaN3 (pH 6.0). Purified proteins
were concentrated using centriprep concentrators (Millipore)
up to ∼10 mg/mL, and the buffer was simultaneously
exchanged to 20 mM sodium phosphate, 3 mM NaN3, 90%/
10% H2O/D2O (pH 6.0). The structure of the purified protein
was confirmed by mass spectrometry.

■ RESULTS

A variety of proteolytic cleavage events generating short polyQ-
containing fragments of htt have been implicated in the HD
disease mechanism,29 and the expression of expanded polyQ
forms of such fragments, including one particular fragment,
htt exon-1 (Figure 1), has been widely shown to lead to
aggregation and/or toxicity in cells and animals.30−35 Exon-1
consists of three well-defined sequence elements: the 17 amino
acid httNT segment, the polyQ segment, and the Pro-rich

Figure 1. Sequences of the exon1 N-terminal fragment of huntingtin and the various synthetic peptides studied.
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segment (Figure 1). Since chemically synthesized peptides
containing the first two elements, plus polyPro segments as
short as P6, exhibit aggregation properties very similar to those
of full length exon-1 [Sahoo, B., Singer, D., Zuchner, T., and
Wetzel, R., manuscript in preparation], we have used such
C-terminally truncated derivatives of htt exon1 to work out
details of the aggregation mechanism.16−18,36 Synthetic
peptides studied in this paper are shown in Figure 1.
Compromising the httNT Role via Inhibition with httNT

Peptides. Recently, we reported that peptides related to the
httNT sequence can be effective, if transitory, inhibitors of the
aggregation of polyQ-containing htt fragment peptides.18 Thus,
while 6 μM of httNTQ 30P6K2 exhibits measurable aggregation
within several hours and is 50% aggregated by 18 h, the same
concentration of peptide in the presence of a 1:1 ratio of
httNT shows little aggregation after 18 h and requires ∼80 h to
reach 50% aggregation (Figure 2A). Since we reckoned that
the polyQ element of httNTQ 30P6K2 might be capable of
aggregating by several mechanisms, we inquired as to the nature
of the residual aggregation that occurs in the presence of the
httNT inhibitor. Electron micrographs of the noninhibited
aggregation of httNTQ 30P6K2 show early formation of spherical
oligomers (Figure 3B, 0.25 h), followed by protofibrils
(Figure 3C, 2.5 h) and ultimately rough-edged fibrils (Figure
3D, 100 h).16 In contrast, in addition to the expected18 mixed
oligomer inhibition complexes, early amyloid-like aggregates
are observed at 5.5 h when httNTQ 30P6K2 is incubated in the
presence of the httNT (Figure S1H), and larger aggregates
observed at 8.0 h (Figure 3E and Figure S1I−P) exhibit the
characteristic broad ribbons that are normally seen in amyloid
aggregates of simple polyQ (Figure 3J); such aggregates are
never observed in uninhibited reactions of httNTQN peptides.
EM images of the httNT inhibited reaction taken at subsequent
times show aggregate morphologies more resembling the
protofibrillar (Figure 3F, 45 h) and fibrillar (Figure 3G, 68 h)
aggregates normally observed at earlier times in the non-
inhibited aggregation of httNTQ 30P6K2 (Figure 3B,C). The
progression of aggregate morphologies suggest that at early
times in the httNT inhibited reaction there is a window within
which httNTQ 30P6K2 peptides can nucleate amyloid growth via
the pathway normally observed for simple polyQ peptides,
leading to characteristic ribbon-like aggregates. Eventually,
however, inhibition of httNT-mediated amyloid nucleation is
overcome, and the characteristic aggregate morphologies
observed in htt N-terminal peptide aggregation emerge.
Further kinetics studies add additional support to this view.

An examination of the concentration dependence of the initial
aggregation rates (Figure 4) of wild-type httNTQ 30P6K2 (■)
and its F17W mutant (▲) in the absence of httNT inhibition
yields log−log slopes of 1.20 and 0.95 as previously reported.16

In contrast, the corresponding slope for the same peptide in the
presence of inhibitor (△) is 2.65, which is very similar to the
slope of 2.57 for aggregation of a simple K2Q 30K2 peptide (●)
(Figure 4). This slope change is consistent with the EM data
in suggesting that the early aggregation of httNTQ 30P6K2 in the
presence of httNT occurs via the classical, nucleated growth
mechanism previously determined for simple polyQ pep-
tides.14,15

As a further test, the mature aggregates from the inhibited
and noninhibited aggregation reactions of httNTQ 30P6K2, along
with control amyloid-like aggregates of K2Q 30K2, were
collected and studied for their seeding properties, as a measure
of structural relatedness.37,38 With httNTQ 30P6K2 monomers,

only the product from the noninhibited aggregation of
httNTQ 30P6K2 (●) exhibited significant enhancement com-
pared with the nonseeded control (○), while K2Q 30K2

aggregates (△) and the products of httNT-inhibited
httNTQ 30P6K2 aggregation (▲) were equally ineffective
(Figure 2B). With K2Q 30K2 monomers, the product of httNT-
inhibited aggregation of httNTQ 30P6K2 (▲) likewise behaved
like simple K2Q 30K2 aggregates (△), with both aggregates

Figure 2. Aspects of httNT inhibition. (A) Kinetics of httNTQ 30P6K2
with (○) and without (●) httNT inhibition. (B) Aggregation of ∼4 μM
httNTQ 30P6K2 either with no addition (○) or seeded with 7.5 wt % of
K2Q 30K2 fibrils (△); fibrils from httNTQ 30P6K2 aggregation with (▲)
and without (●) added httNT inhibitor. (C) Aggregation of ∼20 μM
K2Q 30K2 either with no addition (○) or seeded with 5 wt % of
K2Q 30K2 fibrils (△); fibrils from httNTQ 30P6K2 aggregation with (▲)
and without (●) added httNT inhibitor. For comparison purposes, all
data were fit to straight lines; linear fits are expected for efficient
seeded elongation reactions,37 but not for the spontaneous, unseeded
reactions.14−16 In fact, some deviation from linearity is seen in data
from both of the nonseeded reactions.
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significantly enhancing aggregation compared to the unseeded
control (○) (Figure 2C). In contrast, the product of

noninhibited httNTQ 30P6K2 aggregation (●) was an ineffective
seed, producing no change from the unseeded rate (Figure 2C).
Together the results show that (a) the seeding properties of
noninhibited httNTQ 30P6K2 aggregation and K2Q 30K2 aggregation
are different and (b) the seeding potential of the product of
inhibited aggregation of httNTQ 30P6K2 is identical to that of
K2Q 30K2 aggregates. These seeding results imply underlying
structural similarities and differences. It is interesting that the final
aggregates of the httNT-inhibited reaction behave like K2Q 30K2
aggregates, even though they are quite similar in appearance to the
aggregates from the noninhibited httNTQ 30P6K2 reaction (Figure
3D,G). This shows that aggregate properties cannot always be
correlated with EM morphologies.

Compromising the httNT Role via Inhibition with an
antihttNT Intrabody. Previously, Wittrup and colleagues
described a novel immunoglobulin-related molecule capable
of binding the httNT segment of htt, obtained by a combination
of mutagenesis and yeast surface display selection.39 This light
chain variable domain-related protein, αHtt-VL 12.3, which
lacks both a heavy chain partner and the normal, native Ig fold
intradomain disulfide bond, exhibited a binding constant for
httNT peptides in the low nanomolar range,39,40 inhibited htt
N-terminal fragment aggregation in vitro, and was a good inhibitor
of htt aggregation and toxicity in mammalian cells in culture.39

Interestingly, the X-ray crystal structure of a 1:1 complex of this
VL 12.3 with an httNT fragment shows that httNT is bound in an
α-helical conformation,40 similar to the structure induced upon
httNT self-assembly into tetramers and larger oligomers.17,36

Figure 3. Electron micrographs of various polyglutamine aggregates. Empty grid (A); aggregation reaction of httNTQ 30P6K2 alone at 15 min (B),
2.5 h (C), and 100 h (D); aggregation of httNTQ 30P6K2 in the presence of a 1:1 molar ratio of httNT collected at 8 h (E), 45 h (F), and 68 h (G);
aggregation of httNTQ 30P6K2 plus a 1:1 molar ratio of the antihttNT VL protein collected at 120 h (H); aggregation of MF-Q 37P10K2, 74 h (I); final
aggregates of K2Q 30K2 (J). The scale bar (A) of 50 nm is applicable to all panels.

Figure 4. Concentration dependence of initial aggregation rates of
polyQ peptides. Slopes of time-squared plots of initial aggregation
kinetic data are plotted vs concentration in a log−log plot.14 The slope
of the log−log plot minus 2 is n*, the critical nucleus.14 Determination
for K2Q 30K2 (●, slope = 2.57, n* = 0.57), httNTQ 30P6 (■, slope =
1.20, n* = −0.80), httNTQ 30P6K2 (F17W) (▲, slope = 0.95, n* =
−1.05), httNTQ 30P6K2 (F17W) in the presence of httNT (△, slope =
2.65, n* = 0.65), and MF-Q 37P10K2 (◇, slope = 2.57, n* = 0.57).
Previously, we found that the F17W mutation (Materials and
Methods) has a negligible effect on aggregation kinetics.16 Data for
K2Q 30K2 and httNTQ 30P6K2 peptides alone are from ref 16.
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We used a cDNA encoding this protein to engineer a vector for
expression in E. coli (see Materials and Methods). After purifi-
cation and proteolytic removal of the His tag, the 12 kDa
protein was obtained and examined for its mechanism of
aggregation inhibition.
In our standard sedimentation aggregation assay, this protein

proved a very effective inhibitor of httNTQ 30P6K2 aggregation at
a 1:1 molar ratio (Figure 5A). After a slow drop in soluble

httNTQ 30P6K2 in the inhibited reaction to about 70% the
starting value, little or no further loss of monomer occurs up to
over 150 h (Figure 5A, ○). A small but significant amount of
the αHtt-VL 12.3 domain protein also becomes pelletable over
the same time frame (Figure 5A, △). In parallel with the
generation of pelletable material, right angle light scattering
confirmed the generation of protein particles (Figure 5B). At
the same time, there is no detectible ThT signal throughout the
incubation of httNTQ 30P6K2 with the αHtt-VL 12.3 domain

protein (Figure 5C), suggesting that the aggregates formed are
not amyloid. Thus, in contrast to the inhibition by 1:1 ratios of
httNT peptides, the αHtt-VL 12.3 domain protein under the
same conditions provides strong inhibition of httNT-mediated
amyloid nucleation in polyQ-containing htt fragments. We
conducted further experiments to explore this difference.
We first examined complex formation under native conditions

between VL 12.3 and httNTQ 30P6K2 using SEC. As previously
described,40 we found that the αHtt-VL 12.3 domain protein
behaves aberrantly in SEC, late (Figure 6A, peak d), well after the
position normally occupied by small solute molecules (Figure 6A,

peak d). In contrast, the httNTQ 30P6K2 peptide elutes at 31.6 min
(Figure 6A, peak c), corresponding to a predicted MW of 7.7
kDa. The slight discrepancy between the SEC determined MW
and the actual (6.7 kDa) is most likely due to the nonglobular
nature of the htt N-terminal fragment (SEC standards used are all
globular proteins; see Materials and Methods). A mixture of excess
αHtt-VL 12.3 domain protein with httNTQ 30P6K2 generates a
new peak eluting at 29.2 min (Figure 6A, peak b), corresponding

Figure 5. Kinetics of aggregation of a 1:1 molar ratio of VL 12.3 and
httNTQ 30P6K2 by the sedimentation (A), 90° light scattering (B), and
ThT (C) assays. HttNTQ 30P6K2 with (○) and without (●) the VL
protein; VL protein monomer concentration in mixture with
httNTQ 30P6K2 (△); VL protein incubated alone (▲).

Figure 6. Size exclusion chromatography of the antihttNT VL 12.3
protein. (A) Chromatograms of antihttNT VL 12.3 protein alone
(dotted line), httNTQ30P6K2 alone (solid line), and a mixture of
httNTQ30P6K2 with excess antihttNT VL 12.3 protein (dashed line).
Arrows indicate void volume (a), httNTQ30P6K2: antihtt

NT VL 12.3
complex (b, 29.2 min, 12.6 kDa from standard curve; 19.0 kDa actual),
httNTQ30P6K2 alone (c, 31.6 min, 7.7 kDa from standard curve, 6.7
kDa actual), position of salt elution (d), antihttNT VL 12.3 protein
alone (e); (B) LC-MS of the SEC peak b above identifying two
components with the m/z of httNTQ30P6K2 eluting at ∼16.5 min and
for the antihttNT VL 12.3 protein eluting at ∼19.5 min.
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to an SEC determined MW of 12.6 kDa. This is somewhat
lower than expected (19.0 kDa) for a 1:1 complex, perhaps due
to some residual interaction of the αHtt-VL 12.3 domain
component with the solid support. Interestingly, the SEC profile
of the mixture also exhibits several higher MW forms, including
a small peak corresponding to ∼43 kDa (Figure 6A). The main
29.2 min SEC peak was collected and analyzed by LC-MS (see
Materials and Methods). In the RP-HPLC of this SEC peak, two
peaks were observed, giving MS signals corresponding to the
known masses of httNTQ 30P6K2 and the αHtt-VL 12.3 domain
protein (Figure 6B). Thus, the major product of the initial
interaction of httNTQ 30P6K2 and the αHtt-VL 12.3 domain
protein in solution is, as expected from other analyses,40 a 1:1
complex.
Further examination of the incubated mixture of these two

proteins by EM revealed additional higher assembly forms. EM
images collected at 120 h consistently show a field of spherical
aggregates with diameters in the 8−25 nm range (Figure 3H).
There is a curious “beads-on-a-string” appearance to these
images, the significance of which is not clear. These large
oligomers presumably are the source of the ThT-negative
(Figure 5C), light scattering positive (Figure 5B) material as well
as the incomplete recovery of monomer in the sedimentation
assay from solutions of httNTQ 30P6K2 and the αHtt-VL 12.3
domain protein (Figure 5A). It is tempting to assign the
observed strong inhibition of amyloid formation to the existence
of these oligomers, in analogy to other peptide-based inhibitors
of the aggregation of polyQ-containing htt fragments.18 This
interpretation does not hold up under scrutiny, however.
Since oligomer formation does not nearly go to completion
(Figure 5A), it would be expected that the residual (∼70%)
concentration of low-MW material should be capable of
supporting the alternative amyloid formation pathway, as in
the case of httNT inhibition described above. There is no
evidence of this, however, by EM or other analysis. On the basis
of the SEC analysis (Figure 6A), it is likely that the bulk of the
httNTQ 30P6K2 in this solution is engaged in complex formation
with the VL 12.3 protein to generate a heterodimer (Figure 6A).
It would therefore appear that this heterodimer formation is
sufficient to very effectively block nucleation of polyQ amyloid
formation. This suggests an ability of the 1:1 complex to interfere
with the interactions of the polyQ chains that are required
to engage the classical nucleated growth mechanism seen for
simple polyQ peptides and for httNT-inhibited httNTQ 30P6K2
(see above). It is not clear how complexation of the VL protein
with the httNT segment alone might achieve this.
Compromising the httNT Role via Partial Excission.

Previously, we showed that the polyQ-containing fragment of
trypsin cleavage of httNTQ37P10K2, namely, SF-Q37P10K2,
undergoes amyloid nucleation at a slower rate than the
uncleaved molecule and exhibits a nucleation mechanism and
aggregate morphologies identical to those from simple polyQ
peptides.15 To study the role of httNT domain function in the
context of a full-length mutant htt in vivo, tg mouse experiments41

have been initiated investigating the effect of expression of a full
length htt molecule in which the 17 amino acid httNT sequence is
replaced by the Met-Phe sequence [Yang, W., personal
communication]. Here we investigate the impact of this sequence
change in aggregation experiments in vitro.
As expected, the peptide MF-Q37P10K2 (○) aggregates appreci-

ably more slowly than a matched concentration of httNTQ37P10K2
(●) (Figure 7A). At the same time, however, MF-Q37P10K2 at a
higher concentration (○) aggregates somewhat faster than the

same concentration of Q37P10K2 (●) (Figure 7B). Analysis of the
concentration dependence of the initial aggregation of MF-
Q37P10K2 yields a log−log plot (Figure 4, ◊) slope of 2.5, almost
identical to the slopes for K2Q 30K2 (●) and the httNT-inhibited
aggregation of httNTQ 30P6K2 (△). Finally, the morphology of
the MF-Q37P10K2 aggregates (Figure 3I) is identical to typical
amyloid-like aggregates of simple polyQ peptides (Figure 3J).
Thus, aggregation kinetics and aggregate morphologies are
consistent in indicating that this analogue of a trypsin-cleaved
htt N-terminal fragment follows an aggregation pathway
essentially identical to that of simple polyQ peptides.

■ DISCUSSION

The phenomenon of aggregate polymorphism has emerged as a
major area of interest in amyloid assembly and properties.11,42,43

The ability to make multiple morphologies of stable products is
nearly ubiquitous in amyloid systems and distinguishes them
from native proteins. For example, not only do amyloidogenic
peptides like Aβ exhibit a variety of aggregate nonamyloid
morphologies, some of which may be particularly toxic,44 but
even mature amyloid fibrils of the same wild type Aβ peptide
can exhibit a surprising number of distinct structural types.45−47

The polymorphisms exhibited by mature amyloid fibrils are
almost certainly linked to the phenomena of strain effects in
prion biology, at least in yeast prion systems.11,43 While the
ability of protein aggregates to exhibit multiple, stable structural
types is accounted for by the polymeric nature of protein
assemblies,48 the mechanistic basis for how growth condi-
tions,6,19,49−51 mutations,7,52−54 and/or other, sporadic, factors55

Figure 7. Kinetics of MF-Q37P10K2 aggregation by the sedimentation
assay: (A) aggregation of 6 μM MF-Q37P10K2 (○) compared to 6 μM
httNTQ37P10K2 (●); (B) aggregation of 31 μM MF-Q37P10K2 (○)
compared to 48 μM Q37P10K2 (●).
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control the kinetic accessibility that ultimately favors particular
aggregate polymorphs has received less attention. This general
problem may be particularly well-defined in the huntingtin
system. While simple polyQ peptides are almost unique in the
amyloid world in being able to assemble into amyloid fibrils
without the mediation of nonamyloid intermediates,15 certain
flanking sequences to polyQ, such as the httNT segment of
huntingtin,16,17 mediate amyloid nucleation by undergoing an
initial, independent assembly pathway.2 At the same time, in
contrast to the current wisdom that such oligomers tend to be
the primary toxic agents in aggregation-based neurodegenerative
diseases,42 the situation may be different in polyQ diseases. We
have argued that the reported low toxicity24 of a htt exon1
analogue containing a particular type of proline-mutated polyQ
segment56 is evidence against a toxic role for nonamyloid
oligomers of htt fragments.18 Consistent with this view, a well-
supported mechanism for aggregate toxicity in polyQ diseases,
the recruitment/sequestration hypothesis,22 is only likely to
operate via mature amyloid-like polyQ aggregates, and not with
oligomers, due to the relative abilities of these two aggregate
classes to seed aggregate elongation16 and hence recruit
monomers. Perhaps related to such functional diversity, different
morphologies of polyQ aggregates have been shown to exhibit
different cytotoxicities.19

Our working model for the aggregation options open to
polyQ-containing htt fragments is shown in Figure 8. Monomers
(a) of such fragments are in principle capable of entering two

distinct aggregation pathways. Pathway A involves the efficient
formation of α-helix rich oligomers according to the pathway
described previously.16,17 In this pathway, the httNT segment of
these peptides, which is disordered in the monomer state,16

mediates α-helix bundle formation (b−d) that collects the
disordered polyQ elements at a high local concentration and
thereby facilitates the formation of polyQ amyloid nuclei (e) that
can then elongate into β-rich amyloid like aggregates by
monomer addition (f). (It should be noted that alternative
models have also been described for how flanking sequences
interact with polyQ sequences to effect aggregate forma-
tion.57−59) If, for any of a number of reasons, httNT mediated
α-helix bundle formation is not feasible or efficient, polyQ-
containing htt fragments can undergo the previously de-
scribed14,15 classical nucleation pathway. In this B pathway, for
relatively long15 polyQ peptides, the critical nucleus is a special,
rare conformation of the monomer (g) that is capable of serving
as the template for the initiation of amyloid elongation (h). This
paper concerns cases in which the role of the httNT sequence is
compromised by virtue of its removal or by the action of certain
httNT-complexation agents. Elsewhere, we will describe what
happens when httNT function is compromised due to sequence
modifications within httNT, such as post-translational modifica-
tions52 [Mishra, R., and Wetzel, R., manuscripts in preparation].
As previously described,18 httNT and related sequences

appear to inhibit pathway A by readily forming mixed α-helical
oligomers with the polyQ-containing htt N-terminal fragment.

Figure 8. Kinetically competing pathways for nucleation of amyloid formation in polyQ-containing htt fragments. Monomeric fragment “a” (httNT =
green, polyQ = orange, proline-rich = black) can enter both pathway A or pathway B to nucleate amyloid growth, with relative rates depending on
structures and conditions. In pathway A, “a” can reversibly assemble into tetramer “b”, which can further assemble into octomer “c”, dodecamer “d”,
and higher order oligomers (not shown). These oligomers are held together primarily via α-helical packing of their httNT moieties while the polyQ
and polyP segments are relatively solvent exposed with no defined structure. Each of “b”, “c”, and “d”, as well as higher order oligomers, has a certain
propensity to undergo amyloid nucleus (“e”) formation in which some of the attached polyQ sequences assemble into amyloid. Once formed,
nucleus “e” can initiate amyloid growth by monomer addition (“f”). In pathway B, “a” rarely and reversibly undergoes a highly energetically
unfavorable folding event to generate a defined conformation or conformations (“g”, the critical nucleus) capable of interacting with the polyQ of
another htt fragment to initiate amyloid elongation (“h”). This is a schematic drawing meant to indicate general features of these pathways and
structural details, such as the orientation of helices in the tetramer and the packing interfaces in higher oligomers, are yet to be worked out. Likewise,
many structural features of the final aggregates of the B pathway and how they relate to the products of the A pathway have not been investigated.
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This dilutes the local concentration of the disordered polyQ
segments and hence retards nucleation. At the same time,
inhibition is incomplete, so that nucleation and growth of
amyloid do finally occur.18 As we shown here, when pathway A
is transiently restricted, pathway B remains open, resulting in a
concentration dependence characteristic of the B (and not the A)
pathway and in the formation of polyQ amyloid aggregates that
resemble aggregates of simple polyQ peptides both in the EM
(Figure 3E and Figure S1I−P) and in their cross-seeding
properties (Figure 2B,C). These data show that the lack of
evidence for the simple polyQ aggregation pathway in httNTQN
peptides under most circumstances is not because this pathway is
inactivated by the httNT moiety, but rather because it is
outstripped kinetically by the alternate, httNT-mediated pathway.
When the kinetic advantage of the httNT-mediated pathway is
compromised, the simple polyQ nucleation and aggregation
pathway effectively competes. The kinetic partitioning between
these two well-characterized pathways of amyloid nucleation and
growth provides a molecular basis for how certain chaperones
can influence the course of huntingtin fragment aggrega-
tion.57,60,61 In Figure 8, the products of pathway B are drawn
to indicate the absence of the fully formed httNT α-helix that is
known to exist in the final product of pathway A.17,36 The fate of
the httNT segment in these aggregates is unknown, however, and
the altered structure is indicated schematically only as a reminder
that the final aggregates must be structurally different at some
level, since they are functionally different. In fact, the basis for the
difference in seeding abilities of the final aggregates of the
inhibited and noninhibited reactions is not clear. This may be a
consequence of the amount of httNT inhibitor that appears to be
bound to the fibrils.18 Alternatively, it may reflect some very
subtle structural difference of the polyQ β-sheet networks of
these two fibrils.
Although the VL 12.3 protein also likely inhibits pathway A by

specifically complexing httNT and preventing its self-association,
there is no evidence for the formation of pathway B products, in
contrast to the results of httNT inhibition. Our data suggest that,
even after long incubation, the bulk of a mixture of VL 12.3 and
htt N-terminal fragment consists of heterodimers of these two
proteins, with only a minor portion of the proteins involved in
the formation of large oligomers. It might have been expected
that the polyQ segment of httNTQ 30P6K2 in these heterodimers
might be as free to engage the B pathway (Figure 8) as are
httNTQ 30P6K2 monomers under httNT inhibition, but there is no
evidence that this pathway is open to the VL 12.3/httNTQN
heterodimers. This implies that, in spite of the focus of VL 12.3
on the httNT segment, the polyQ sequence in the heterodimer
exists in a conformational state that resists the nucleation and/or
elongation steps shown in the B pathway.
Since we previously showed that polyQ peptides containing a

C-terminal polyPro extension undergo amyloid nucleation by
the same mechanism as simple polyQ peptides,62 it is not
surprising that the peptide MF-Q37P10K2 exhibits a log−log
slope similar to that of K2Q 30K2 (Figure 4). The more rapid
aggregation in the 40 μM range of MF-Q37P10K2 compared
with Q37P10K2, however, shows that the MF sequence does play
a role in aggregation. Just as the Ser-Phe sequence of httNT

proximal to the polyQ has been shown to take part in β-sheet
formation in the mature amyloid fibrils of htt N-terminal
fragments,36 it is possible that the polyQ proximal Met-Phe in
MF-Q37P10K2 is included in amyloid structure and by virtue of
that might affect nucleation or elongation in a positive way.
Regardless of this slight enhancing effect, however, it is also

clear that MF-Q37P10K2 aggregates much less rapidly than the
corresponding httNTQ37P10K2 (Figure 7A), and this rate
difference is expected to be greatly enhanced at the low
concentrations that obtain in the cell, based on a projection to
low, cellular concentrations from their disparate concentration
dependencies (Figure 4).
Although the httNT segment of htt has a number of important

possible targeting and trafficking roles,63−67 it is clear from these
and other studies16−18,36,52,57 that this flanking sequence of the
polyQ also greatly contributes to biophysical properties. The data
presented in this paper show that different fates of the httNT

segment of polyQ-containing htt fragments can have different
consequences, not only for aggregation rates but also for the
mechanism of aggregation and hence for the structure and
properties of the aggregate products. Thus, httNT inhibition of
httNTQN aggregation produces amyloid aggregates that are much
more capable of recruiting other polyQ proteins into the growing
aggregate than are the amyloid products of noninhibited
aggregation reactions (Figure 2C). This observation is relevant
to the recent description of the seeding ability of aggregates
isolated from various HD tg mice20 and to recruitment-
sequestration models of polyQ toxicity.21,22 It remains to be
seen whether there exist molecules in the cell capable of
producing httNT-like inhibitory effects, but certain molecular
chaperones are attractive candidates for such molecules.57,60,61 In
contrast to httNT, the VL 12.3 protein completely blocks amyloid
formation in vitro, instead generating a mixture of heterodimers
and nonamyloid oligomers. Given this result, the observation
that this protein in cell culture inhibits both inclusion formation
and cytotoxicity68 is most consistent with the hypothesis,
discussed above, that it is the amyloid fibril form of polyQ-
containing htt fragments that are toxic, while nonamyloid
oligomers are benign.18 Given that the removal of the httNT

segment from htt N-terminal fragments slows but does not
abrogate polyQ amyloid formation, while completely eliminating
the ability of such fragments to make nonamyloid oligomers, it
will be interesting to consider the effects of this modification on
disease course and neuronal pathology observed in ongoing tg
mouse experiments [Gu et al., manuscript in preparation].
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