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Although Huntington’s disease is caused by the expansion of a CAG triplet repeat within the context of the 3144-
amino acid huntingtin protein (HTT), studies reveal that N-terminal fragments of HTT containing the expanded
PolyQ region can be produced by proteolytic processing and/or aberrant splicing. N-terminal HTT fragments
are also prevalent in postmortem tissue, and expression of some of these fragments in model organisms can
cause pathology. This has led to the hypothesis that N-terminal peptides may be critical modulators of disease
pathology, raising the possibility that targeting aberrant splicing or proteolytic processing may present attractive
therapeutic targets. However, many factors can contribute to pathology, including genetic background and differ-
ential expression of transgenes, in addition to intrinsic differences between fragments and their cellular effects.
WehaveusedDrosophilaasamodelsystemtodeterminetherelativetoxicitiesofdifferentnaturallyoccurringhun-
tingtin fragments in a system in which genetic background, transgene expression levels and post-translational
proteolytic processing can be controlled. These studies reveal that among the naturally occurring N-terminal
HTT peptides, the exon 1 peptide is exceptionally pathogenic and exhibits unique structural and biophysical
behaviors that do not appear to be incremental changes compared with other fragments. If this proves correct,
efforts to specifically reduce the levels of exon 1 peptides or to target toxicity-influencing post-translational
modifications that occur with the exon 1 context are likely to have the greatest impact on pathology.

INTRODUCTION

Huntington’s disease is caused by the expansion of a poly-
glutamine (polyQ) domain located after the 17th amino acid
(aa) of the �3144-aa HTT protein. Several naturally occurring
N-terminal fragments of HTT containing this expanded polyglu-
tamine region have been described in both clinical settings and in
disease models, including fragments generated by proteolytic
processing of HTT, e.g. (1–5), and an exon 1 fragment arising
from aberrant splicing of expanded-CAG-repeat HTT (6)
(Fig. 1). Several of the proteolytic fragments have been specific-
ally implicated in disease pathogenesis and others have been dis-
missed as relatively harmless (7), whereas the exon 1 fragment
causes highly aggressive pathology in a number of model

systems. This raises the possibility that observations made with
full-length knock-in models or other long-fragment models in
mammals may include contributions from proteolytic fragments
or fragments arising from mis-splicing.

Although the behavior of the different fragments in various
model systems has been described, a number of factors make
comparisons between these studies difficult, including differ-
ences between mouse strains, cell lines, transgene copy numbers,
chromosomal location, polyQ tract length and the propensity of
longer HTT peptides to be naturally processed to smaller frag-
ments. Drosophila, on the other hand, provides an excellent plat-
form to compare the intrinsic toxicity of these fragments because
genetic background can be controlled, transgenes can be inserted
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into a defined chromosomal location and transgenic peptides
undergo minimal proteolytic processing.

In this report, we compare the toxicity of seven commonly
studied N-terminal HTT fragments in Drosophila, revealing a
number of intrinsic as well as extrinsic influences on polyQ
pathology. We ask whether expanded polyQ is sufficient to cause
cytotoxicity, whether it is sufficient to cause protein inclusions to
form and how peptide context influences the pathogenic and bio-
physical behavior of mutant HTT proteins. We find that, among
all of these fragments, the exon 1 peptide is particularly toxic
and that it exhibits unique structural and biophysical properties.

RESULTS

Construction of targeted transgenic HTT lines

To compare the behavior and pathogenicity of the various
N-terminal HTT fragments, we inserted a set of HTT peptide
transgenes into the same chromosomal location and in the
same orientation in a common inbred host Drosophila line
using the phiC31-targeted insertion system (8) (Fig. 1). These
fragments have been assigned numbers representing their
C-terminal aa based on a huntingtin molecule containing 23 glu-
tamines. Each of the fragments has been engineered to contain
120 or 25 Qs, such that the actual number of aas in the fragment
can be determined by adding 97 to its index number for the
expanded constructs (or 3 for the unexpanded constructs) [e.g.
the 90ex1 120Q fragment has 187 aas (22.5 kDa)].

Fragment descriptions

The 90 fragment represents exon 1, which has been widely used
in the R6/2 mouse (9), in Drosophila (10–12) and various cell
lines (1,2,4,13). It has recently been shown that the exon 1 frag-
ment arises because of aberrant splicing precipitated by the
expanded CAG repeat (6) and exon-1-like fragments have
been found in HD patient material (6,14,15).

Fragments arising from naturally occurring proteolytic events
include the 108, 469, 513, 536, 552 and 586 fragments. The 108
‘cp-A’ fragment represents the product of an endogenous aspar-
tic endopeptidase that cleaves between aa 104 and 114 of HTT
and has been observed in neuronal inclusions of HD patient ma-
terial and in NG108 cells (2). The 469 and 536 fragments are pro-
duced by calpain cleavage in a polyQ-length-dependent manner
in mouse brain and HEK 293T cells (1,16), and in human brain
tissues (17), but the toxicity of these fragments has not been
extensively described. The 513, 552 and 586 fragments are
produced by caspase cleavage of a 1220-aa HTT fragment
expressed in the brains of transgenic mice (7) and in cell lines in-
cluding ST14A (4), HEK 293T (1,4), COS (18) and HN33 (4)
cells, although production of these fragments was not observed
in the HdhQ150 knock-in mouse model suggesting that this
may not be a general effect (19).

Characterization of transgenic lines

To verify that the targeted inserts are expressed similarly, levels
of mRNA were verified using quantitative RT-PCR and primers
that are common to all fragments. The levels of expression of all
transgenes fall within one PCR cycle and are statistically indis-
tinguishable from one another (Supplementary Material, Fig. S1).

The proteolytic processing events of HTT seen in mammalian
cells pose a challenge to isolating the effects of particular HTT
fragments in mammalian systems, because it is difficult to
prevent further processing of fragments without modifying the
fragments themselves. To address this potential complication,
we tested whether human HTT fragments are further processed
in Drosophila by western blotting. Processing of longer frag-
ments into shorter versions is not observed in Drosophila (Sup-
plementary Material, Fig. S2) although we cannot exclude
minor processing events undetectable by western blotting or
that do not result in discrete smaller fragments. Similar observa-
tions have been reported by Weiss et al. (20).

Using the GAL4/UAS transgene system to express HTT frag-
ments allows the level of expression to be controlled by raising
flies at increasing temperatures (21) and the pattern of expression
to be controlled by the GAL4 driver chosen (e.g. the elav.
GAL4 driver expresses in all neurons and the da.GAL4
driver expresses ubiquitously).

In this study, we examine four measures of pathology and four
measures of biochemical properties. For pathology, we measure
survival to adulthood, degeneration of neurons, motor function
and longevity. As extensively documented in the literature, we
find that expanded polyQ is necessary for all of these pathogenic
indicators. Unexpanded HTT peptides with 25 Qs exhibit no
phenotypes in any of the assays used and behave the same as non-
transgenic controls. For biophysical properties, we compared the
fragments by PAGE electrophoresis, high-resolution micros-
copy, amyloid seeding and TR-FRET.

Comparative pathology when neurons are challenged with
HTT fragments

We initially compared the pathogenic potential of the different
fragments when expressed only in neurons at 22.58C under the
control of elav.GAL4. Under these conditions, the only
expanded polyQ fragment capable of inhibiting eclosion is

Figure 1. Cartoon of the fragments studied. The top drawing represents full-
length huntingtin, with the locations of the C-terminal aas of the various frag-
ments indicated. Fragments terminating at double-underlined numbers have
been reported as toxic, single-underlined numbers as nontoxic and non-
underlined numbers as unknown. Below, fragment lengths, polyglutamine
region (Q120) and proline-rich region (P) are drawn approximately to scale.
Numbering scheme is based on huntingtin containing 23 Qs.
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90ex1 120Q (Fig. 2A). All other fragments show eclosion rates
similar to the non-transgenic and unexpanded 90ex1 25Q controls.
Thus, the expanded polyQ 90ex1 120Q fragment stands out under
these conditions as the most toxic with respect to survival to
adulthood.

Another measure of pathology is overt degeneration of photo-
receptor neurons. When HTT fragments are expressed in neu-
rons using the elav.GAL4 driver at 258, the 90ex1 120Q

fragment produces clear degeneration of neurons as revealed
by the reduced number of rhabdomeres in the ommatidia of the
adult eye (Fig. 2B and E) (22,23). In contrast, none of the other
fragments exhibit retinal degeneration even when the transgenes
are expressed at high levels by rearing at 298 (not shown). Path-
ology is not merely delayed, as none of the other fragments give
any evidence of photoreceptor degeneration even when exam-
ined many days past the time when the 90ex1 120Q-expressing
flies have died, in some cases as late as 20 days and even 40
days after eclosion, or when examined right before their death.
Thus, at this level of analysis, the 90ex1 120Q fragment exhibits
a unique pathogenic potential. The failure of all other fragments
to exhibit overt neurodegeneration compels the conclusion that
expanded polyQ alone is not sufficient to elicit overt neuronal de-
generation and that the toxicity of some polyQ-containing frag-
ments is qualitatively distinct from that of the others.

Although overt neuronal loss is a hallmark of HD, deficits can
also be due to compromised functioning of neurons. As a
measure of neuronal function, we monitored loss of climbing
ability when transgenes are expressed in neurons. At 10 days
post-eclosion, surviving 90ex1 120Q-expressing flies are almost
completely unable to climb, whereas 108-expressing flies
exhibit �50% decline, and flies expressing other expanded frag-
ments exhibit �10–20% decline in motor function compared
with unexpanded-HTT-expressing controls (Fig. 2C).

A fourth hallmark of HTT pathology is reduced longevity.
For example, when expressed in neurons, the t1/2 of control
flies expressing 90ex1 25Q is �70 days whereas that of 90ex1 120Q-
expressing flies is �7 days and 108-expressing flies is �19 days.
The half-lives of flies expressing the caspase and calpain
fragments (469–586), although reduced compared with
controls (i.e. 27–32 versus 70 days), are significantly longer
than either the 90 or 108 fragments, but not different from
one another (Fig. 2D). Thus, the effects of the 90ex1 120Q

and, to a lesser extent, the 108 fragments are notably the most
severe.

Incremental versus qualitative differences in pathology

To assess whether the apparent difference between 90ex1 120Q

and other fragments is due to incremental differences in level

Figure 2. Comparative pathology of mHTT fragments when expressed
in neurons only. HTT-expressing female CyO progeny of the cross of
elav-GAL4/Y; Sp/CyO males with homozygous UAS-HTT fragment virgins
raised at 22.58C were compared with their non-expressing brothers for (A) eclo-
sion (survival to adulthood). Under these conditions, the only statistical reduction
in eclosion is seen with the 90ex1 120Q fragment. Eclosion rates are shown as the
ratio of elav-driven females/non-driven sibling males. (B) Neurodegeneration in
surviving HTT-expressing progeny of the crosses above was evaluated by count-
ing the number of remaining photoreceptor cells (rhabdomeres) in each omma-
tidium (shown in E). Eyes were evaluated at 3 days post-eclosion because the
90-expressing flies die young (half-life of �6.5 days), making neurodegenera-
tion difficult to evaluate at later time points. However, flies expressing other
HTT fragments have been evaluated at 7 days and later time points up to 40
days and have never displayed an eye phenotype at any age. (C) Motor function
was evaluated by measuring climbing speed at 10 days post-eclosion. The ratio of
the climbing speed of expressing versus non-expressing flies is determined by
taking the average distance traveled between seconds 2 and 3 after being
tapped to the bottom of a vial. The climbing speeds of the 469–586 flies are
not statistically different from one another but are different than the 108- and
90-expressing flies, and P , 0.001 for 90 versus all others. (D) Flies expressing

elav-GAL4-driven 90ex1 25Q live as long as wild-type, whereas flies expressing
90ex1 120Q live less than 1/10 as long. The life spans of the 469–586-expressing
flies are not different from one another but are reduced compared with non-
transgenic and unexpanded 90ex1 25Q-expressing flies. This is the most robust
display of pathology exhibited by the caspase and calpain fragments. The
108-expressing flies have a life span intermediate between the 90 and the
caspase/calpain-fragment-expressing flies. (E) 90ex1 120Q-expressing flies show
significant reduction in the number of rhabdomeres (a reflection of photoreceptor
neurons) compared with the eyes of unexpanded 90ex1 25Q-expressing flies.
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of toxicity or is due to qualitative differences in toxicity, we eval-
uated the pathology at different levels of transgene expression
and at different times in the course of disease progression.

In man, HTT is expressed ubiquitously. When expressed ubi-
quitously in Drosophila by the da.GAL4 driver at 22.58, no sur-
vival is seen with either the 90ex1 120Q or the 108 fragments, but
flies expressing all other fragments survive to adulthood at a
level between 60 and 90% of control (Fig. 3A). Similar results
are observed with the actin.GAL4 driver at 258 (another com-
monly used ubiquitous driver), where the 90ex1 120Q and 108
fragments are completely lethal, whereas flies expressing all of
the other fragments survive to adulthood at near normal levels
(not shown). Pathology of 90ex1 120Q is the most severe, as indi-
cated by the fact that animals expressing the 90 fragment die as
larvae, whereas the 108-expressing larvae usually survive until
pupariation. Although the caspase and calpain fragments (469,
513, 536, 552 and 586) can be driven to intermediate levels of
toxicity as expression levels are increased (e.g. at 258C), and
to almost complete lethality at 298 (Fig. 3A), the 90ex1 120Q

and 108 fragments stand out as not showing any survival even
at the lowest levels of expression (e.g. both are lethal even at
188—not shown) suggesting they are either incrementally
much more toxic than any of the other fragments or that they
are fundamentally different in their toxicity.

To titrate the impact of different fragments on loss of neuronal
function, we monitored the progressive loss of climbing ability
as animals expressing transgenes in their neurons age. By
3 days post-eclosion, 90ex1 120Q-expressing animals exhibit
severe climbing impairment whereas all others are indistinguish-
able from unexpanded and non-transgenic controls (Fig. 3B). By
10 days, surviving 90ex1 120Q-expressing flies are almost com-
pletely unable to climb whereas the 108-expressing flies exhibit
significant impairment (P , 0.05) compared with flies expres-
sing the caspase and calpain fragments that have just begun to
exhibit a decline in motor function (Fig. 3B). Only after
15 days does one begin to observe a clear decline in motor func-
tion in flies expressing the longer fragments. The caspase and
calpain fragments are indistinguishable from each other, exhibit-
ing a relatively delayed decline in climbing behavior (Fig. 3B).
Thus, expanded polyQ is sufficient to cause an accelerated
decline in motor neuron function, but the peptide context in
which the 120 Qs are embedded significantly affects the severity
of the polyQs impact.

The 90ex1 120Q fragment stands out as distinctly severe in its
pathogenic effects compared with all of the other fragments.
Although some reduction in motor function, survival and lon-
gevity can be achieved with other fragments at higher levels of
expression, suggesting incremental, albeit large, differences in
pathogenic potential, the failure of any other fragment to cause
overt degeneration of neurons raises the possibility of distinct
mechanismsofpathology,with90ex1 120Qpotentiallyhavingauni-
que ability to affect neuronal survival.

PHYSICAL PROPERTIES OF HTT FRAGMENTS

Differences in fragment behaviors are presumed to be due to dif-
ferent physical properties of the fragments, be they intrinsic dif-
ferences to adopt particular conformations or extrinsic ability
to interact with distinct cellular components. To evaluate the

extrinsic effects of the fragments’ interactions with the misfolded
protein machinery,we compared the kinetics of their accumulation
and clearance. To compare the intrinsic properties of the different
fragments, we evaluated their propensity to form aggregates, the
nature and location of aggregates formed and their ability to seed
the formation of amyloid aggregates. Throughout this analysis,
we consider three states of the HTT peptide: monomers, oligomers
and microscopically visible inclusions.

Figure 3. The effect of ubiquitous transgene expression level on pathology. (A)
The impact on eclosion of increasing the levels of transgene expression on eclo-
sion using a ubiquitously expressed driver (da-GAL4) was evaluated by rearing
crosses at different temperatures and determining the fraction of flies eclosing.
The parental cross in each case was w/Y; FRAGMENT/+ males X w; da-
GAL4 homozygous virgins. Progeny bearing HTT fragment transgenes were
identified by the presence of the mini w+ marker associated with the transgene
vector. The eclosion of w; FRAGMENT/+; Da-GAL4/+ females compared
with w;+; Da-GAL4/+ female control siblings is plotted. Experiments wereper-
formed in quadruplicate. Similar results were obtained with the male progeny
(not shown). Levels of transgene expression vary with temperature with higher
temperatures producing more expression than lower temperatures (�2 fold
between 22.58C and 298C (48). Regardless of the temperature, no impact on eclo-
sion is observed with the unexpanded 90ex1 25Q controls. In contrast, the caspase/
calpain fragments (469–586) are mostly viable at 22.58 but can be driven to le-
thality by increasing the temperature to 298C. Flies expressing the 90 and 108
fragments, on the other hand, do not eclose at any temperature, including 188C
(not shown). (B) Progressive loss of motor function with neuronally expressed
HTT fragments. The climbing speed of HTT fragment-expressing elav-GAL4/
w; FRAGMENT/CyO females compared with control w/Y; UAS-FRAGMENT/
CyO sibling males is plotted as a function of age. At 3 days post-eclosion, the climb-
ing ability of all of the fragment-expressing flies is the same as unexpanded-90-
expressing controls (90ex1 25Q) except flies expressing 90ex1 120Q, which already
showasignificant impairment.By10days, the108-expressingflieshave lost signifi-
cantclimbingabilitycomparedwith therest (P , 0.01),andas timeprogresseseven
the caspase and calpain-fragment-expressing flies lose significant climbing ability
compared with controls.
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Kinetics of accumulation and clearance

To determine whether different propensities to form inclusions
and/or cause pathology are due to differences in rates of
protein accumulation and/or clearance, we used quantitative
western blotting to determine the steady-state levels and clear-
ance rates of the different fragments. These studies employed a
chromosome containing both da-GAL4 and the inhibitory trans-
gene tub-GAL80ts. Tub-GAL80ts is a uniformly expressed
temperature-sensitive GAL80 transgene, which suppresses tran-
scription driven by the da-GAL4 driver at 188 but is inactive at
298 allowing expression of UAS.HTT transgenes [Fig. 4A,
uninduced versus (4D) induced panel]. Animals were reared at
188, and eclosed adults were shifted to 298 to induce HTT frag-
ment expression. Samples were taken daily and analyzed by
western blotting. Accumulation of soluble HTT is evident after
1 day, typically peaking at �3 days, and in most cases beginning
to decline by the 4th day (Fig. 4B). At 4 days post-induction,
robust levels of soluble monomeric species have accumulated
in the caspase and calpain lanes, with lower levels of monomeric
peptides evident in the 108 and 90 lanes (Fig. 4A). The lower
levels of soluble 108 and 90 species correlate with the tendency
to form microscopically visible inclusions, which deplete the
levels of soluble monomeric species [e.g. see (24)]. Also
notable are smears of insoluble material in the stacking gel for
all lanes (Fig. 4A) that do not appear until HTT transgene expres-
sion has been induced [e.g. compare Fig. 4A uninduced with
(4D) induced]. These presumably represent the presence of in-
soluble species. Although all fragments exhibit these smears,
only the 90 and 108 fragments form microscopically visible
inclusions and amyloids, suggesting that the smears in the
469–586 lanes represent intermediate insoluble oligomeric
species as have been observed in other studies (24–26). If this
is correct, it suggests that oligomerization potential alone may
not be sufficient to generate inclusions. It is notable that total
mHTT load is not the primary driver of toxicity as the caspase
and calpain fragments accumulate to higher levels than 90ex1 120Q

and yet are relatively nontoxic. It is also worth noting that
the 90ex1 120Q fragment is unique in running at an aberrant mo-
lecular weight. All HTT fragments with expanded polyQ run
more slowly than their computed MW, but smaller fragments
still run faster than larger ones. The 90ex1 120Q fragment uniquely
violates this trend and runs even more slowly than larger frag-
ments (e.g. 108), suggesting that 90ex1 120Q forms a unique
SDS-resistant structural conformation that retards its migration
compared with other expanded-polyQ-containing fragments
(Fig. 4A).

To monitor clearance, we shifted animals to 188C after 4 days
to prevent further expression of HTT fragments and monitored
the levels of protein over the next 20 days. The half-lives of
the soluble species of all fragments are remarkably similar,
with a t1/2 of �2 days (Fig. 4B). In stark contrast to the soluble
material, the insoluble material in the stacking gel remains rela-
tively unchanged over the course of �20 days (Fig. 4C). In some
cases, there is a tendency for a small increase in the first 2 days
that presumably reflects some of the remaining monomeric
species being incorporated into insoluble species, but for at
least the next 20 days, the levels of insoluble material remain
relatively unchanged. This suggests that SDS-insoluble
species from all fragments are not being well cleared and are

Figure 4. Measurement of fragment accumulation and degradation. Parental
crosses were Y/w; UAS-FRAGMENT males X w; +; tub-GAL80ts da-GAL4
virgins. Ubiquitously expressed GAL80ts suppresses GAL4-driven expression
until the temperature is raised. Levels of expression were determined by quanti-
tative western blotting using a using a LiCor Odyssey scanner. The color image
has been converted to black and white here. HTT fragments were detected by
green fluorescence and beta-tubulin used as a loading control (the middle band
in all lanes) fluoresced red. (A) Representative westerns of GAL80-suppressed
adult males at 188C before induction, after 4 days of induction at 298C and
8 days post-induction (at 188C). Note the appearance of discrete monomers fol-
lowed by the loss of the monomeric signal but note also the persistence of the in-
soluble smear in and below the wells. (B) Quantification of the level of soluble
HTT material in bands. Vertical line at Day 0 marks the end of induction (i.e.
4 days after shifting flies to 298C). (C) Quantification of high-molecular-weight
and insoluble species. The insoluble material that forms a smear in the wells and
stacking gel was quantified (wells) by measuring all the signal in a region (indi-
cated by the box in the middle panel). Vertical line at 0 marks the end of induction.
Each data point represents the average and SEM of 3 to 5 biologically independ-
ent western blots. Values were normalized to a positive control signal from
a homogenate of da-GAL4-driven 536-expressing larvae (not shown). The
decay rate for soluble signal for all fragments is a t1/2 of � 2 days. The insoluble
material is remarkably stable, remaining virtually unchanged over 3 weeks or
more.
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relatively long-lived. Thus, different rates of clearance and dif-
ferent levels of steady-state accumulation do not readily ex-
plain the differences in pathology.

Is expanded polyQ sufficient for inclusion formation?

We next evaluated the intrinsic aggregation potential of the
various fragments using immunohistochemistry in the eye im-
aginal disc, which provides a temporal gradient of neurons
expressing HTT transgenes. In the eye disc, a wave of differen-
tiation defined by the morphogenetic furrow (MF) passes over a
field of �30 000 uncommitted cells from posterior (P) toward
anterior (A) (arrow and MF in 5A). As the wave passes, cells
begin to differentiate as neurons and elav expression begins
(red stain in Fig. 5A), as does elav.GAL4 and HTT transgene
expression (Fig. 5A and B, green). Each row of cells counting
from the leading edge of the furrow toward posterior has been
expressing the HTT transgene for �2 h longer than the one in
front of it. As frequently reported, expression of unexpanded
polyQ HTT exon 1 (e.g. 25 Qs) leads to diffuse staining
whereas expression of HTT exon 1 with expanded polyQ (e.g.
120 Qs) leads to punctate aggregates (Fig. 5A and Supplemen-
tary Material, S3) (27–29). Thus, expanded polyQ is necessary
for inclusion formation—but is it sufficient?

To compare the aggregation behavior of different fragments in
neurons, we examined eye discs expressing different HTT120Q

fragments. Visual inspection reveals clear punctate microscop-
ically visible aggregates in the 90 and 108 fragment samples
but more amorphous staining with all the other fragments
under these conditions. We note that HTT inclusions in the div-
iding cells of the imaginal discs, such as the eye discs shown in
Figure 5, are located in the cytoplasm and absent from the
nucleus although there is a tendency to accumulate in nuclei of
the photoreceptor cells as the adult eye is formed (28). The sub-
cellular location of HTT is highly influenced by tissue type so
that in these same animals, HTT is located in the nucleus of
some tissues and the cytoplasm of other tissues. The cellular
factors that affect where HTT will be located are under investi-
gation. To quantify the results, images were analyzed by plotting
the intensity level of HTT compared with the intensity of ELAV
as a reference along a strip that runs perpendicular to the MF (see
rectangles in Fig. 5B). At least five images for each genotype
were taken for analysis. Examples of these are shown as
graphs of intensity versus position in the disc below the confocal
image for each construct in Fig. 5B. Two things worth noting are
the HTT intensity (black) relative to the ELAV control (gray)
and the degree of fluctuation in the black HTT signal. Spikes
in the black signal are indicative of bright, discreet inclusions
versus more diffuse HTT. As seen in Fig. 5B (90), the intensity
of the HTT signal follows the ELAV signal closely and is rela-
tively smooth for a very brief time (indicative of diffuse staining)
before showing high levels of fluctuation. The region of fluctu-
ation corresponds to the region with inclusions. Thus, expression
of the 90 fragment leads to the rapid formation of large inclusions
with diffuse cytoplasmic HTT observed for only �8–10 h
before inclusions appear as very bright and punctate aggregates
with sharp boundaries (Fig. 5A–C).

Adding 18 aas to give the 108 aspartic endopeptidase frag-
ment results in similar-looking aggregates that form more
slowly, with the first aggregates appearing at �12–14 h

(Fig. 5B, 108). The intensity of the fluctuating signal is not as
great at that seen with 90ex1 120Q, and the level of accumulation
relative to ELAV is lower. The behavior of the calpain and
caspase fragments, i.e. 469–586, is notably different. With all
of these fragments, the signal is generally lower than the 90 (or
108) signal relative to elav and is typical of diffuse HTT (i.e. it
is relatively smooth), indicating that they tend not to form
bright, punctate, distinct aggregates. To quantify the tendency
to form inclusions, we used NIH ImageJ with the ‘3D Object
Counter’ plug-in (30). This analysis (Fig. 6A) reinforced the con-
clusion that the 90ex1 120Q fragment forms the most aggregates,
followed by the 108 fragment (at roughly 60% of the 90 frag-
ment). The caspase and calpain fragments yielded significantly
fewer counts and for the most part were statistically indistin-
guishable from each other. The program is threshold-based,
and it is possible that a local concentration of diffuse signal
could exceed the cut-off for detection. To better understand
the nature of the signal in the 469–586 samples, we examined
the staining patterns using high-magnification microscopy
(Fig.5C and Supplementary Material, Fig.S3). This analysis was
consistent with the fluctuation analysis above confirming that
90ex1 120Q shows large punctate aggregates [Fig. 5C (90ex1 120Q)]
whereas 120Q-containing caspase and calpain fragments are
primarily diffuse (e.g. 586 120Q shown in Fig. 5C and Supple-
mentary Material, Fig. S3) with some areas of concentration of
diffuse signal. Notably, whether in inclusions or diffuse, the
bulk of the HTT signal is cytoplasmic (Fig. 5C). Thus, when
expressed in neurons at similar levels, expanded polyQ alone
is not sufficient to cause inclusions to form under these conditions.
The 90ex1 120Q fragment stands out as the most aggregation- and
accumulation-prone fragment of all, with the 108 fragment
showing inclusions at lower levels, whereas the 469–586 frag-
ments do not appear to form punctate inclusions.

Relative amyloid seeding potential

To further investigate the apparently different propensities to
form inclusions, we turned to an amyloid seeding assay (ASAs)
(31). Amyloid seeding assays (ASAs) provide a sensitive method
to quantify the ability of misfolded proteins from tissue samples
to act as seeds that accelerate the kinetics of amyloid formation,
as measured by Thioflavin T fluorescence. Extracts of larvae
expressing the different HTT fragments were evaluated for
amyloid seeding potential after immunopurification with A11,
a conformation-specific anti-oligomer antibody that binds to
HTT oligomers (25). Extracts of larvae expressing unexpanded
90ex1 25Q continuously from embryogenesis show no increase in
seeding ability compared with extracts from non-transgenic
animals and serve as the negative control. However, animals
expressing 90ex1 120Q show a very robust seeding behavior
(Fig. 6B). The 108 fragment is significantly less effective at
seeding whereas the caspase and calpain fragments did not sig-
nificantly seed amyloid formation above background levels
(Fig. 6B). Titration of the amyloid-forming samples followed
by Spearman–Karber analysis indicates that the 90 fragment
is �4 times as potent as the 108 fragment at seeding amyloids
(Supplementary Material, Fig. S4) whereas none of the other
fragments exhibit convincing seeding potential. Thus, this analysis
again identifies the 90ex1 120Q fragments as having the strongest
aggregation potential, consistent with the immunofluorescence
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Figure 5. Different patterns of protein aggregation and accumulation revealed in eye imaginal discs. (A) elav-GAL4-driven 90ex1 120Q forms aggregates in an eye disc. Eye
discs dissected from elav-GAL4/(w or Y); UAS-90/+larvae, reared at 258C were probed with anti-HTT antibody (S830) and anti-ELAV antibody (Elav-9F8A9) to reveal
the onset of HTT fragment expression. Aggregates are clearly visible as bright, punctate spots. The MF and its direction of migration from posterior to anterior are indicated
(MF and dotted line and arrow from P-.A). Note the delay of a couple of rows where the green stain is diffuse as HTT levels build to the threshold level for aggregation
followed by the bright punctate inclusions. (B) Image analysisof elav-GAL4-driven fragment expression ineye discs. Eye discs dissected from wandering third instar larvae
(elav-GAL4/(w or Y); UAS-FRAGMENT/+, reared at 258C) were probed with S830 anti-HTT antibody. Discs were also simultaneously probed with Elav-9F8A9 anti-
body, as in (A) (not shown). Confocal images were analyzed with ImageJ software to detect levels and distribution of HTT (black lines) and ELAV protein (gray lines). As
expected, transgenes are only expressed where ELAV is also expressed. The 90 fragment has a much stronger and more highly fluctuating signal than the others. Note the
levelofsignalcomparedwiththeELAVcontrol,which is relativelyconstant fromdisctodiscand theextentoffluctuationofthe90ex1 120Q signalversussomefragmentswith
smooth signal (e.g. 469–586) (indicative of lackof bright punctate inclusions). This analysis reveals the level of aggregate formationand the degree of HTT accumulation in
neuronal cells over time. (C) High-magnification images of elav-GAL4-driven 90 and 536 fragments in eye discs. Green¼ HTT, blue¼ DAPI. Eye discs dissected from
larvae as above were probed with PW0595 anti-HTT antibody and mounted in Vectashield with DAPI. The 90ex1 120Q fragment (90, left panel) forms large punctate aggre-
gates, whereas the 536 HTT fragment (536, right panel) remainsdiffuse. Under these conditions, the 90 fragment stands out as forming large, bright inclusionsquite rapidly,
whereas the caspase and calpain fragments (469–586) all behave like the 536 fragment in that they accumulate diffuse HTT peptides (see also Supplementary Material,
Fig. S3). Note the depletion of diffuse signal in 90, as the fragment is rapidly absorbed into inclusions.
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studies. On the other hand, the samples 469–586 show no signifi-
cant propensity to seed amyloids. These data underscore the con-
clusion that expanded polyQ alone is not sufficient to induce
seeding of inclusions.

TR-FRET assay

Another means of measuring HTT aggregates versus monomers
is the recently developed Time-Resolved Forster Resonance
Energy Transfer protocol (TR-FRET) (32). Analysis of the
same samples used for the western blots confirms a low ratio
of soluble to aggregated species for the 90ex1 120Q and a much
lower level of aggregate signal from the other peptides
(Fig. 6C). The modest levels of aggregate signal from some of
the proteolytic fragments are consistent with the ‘aggregate’
signal including oligomeric species. Similarly, the signal from
the smear in the western blots (Fig. 6D) is consistent with oligo-
mers forming in the longest proteolytic fragments. Thus, all
assays identify the 90 fragment as the most aggregate-prone
species. TR-FRET and western blots tend to reveal an intermedi-
ate level of presumed oligomers formed by the larger fragments
whereas the ASA detects A11-positive oligomers that are
capable of seeding inclusions in the 90- and 108-expressing
extracts but not in extracts from flies expressing 469 and
above. Visual inspection also scores the 469–586 fragments as
not forming visible inclusions. Taken together, these observa-
tions suggest that multiple oligomeric forms exist but only
some are capable of seeding amyloid inclusions.

DISCUSSION

Huntingtin is a very large (�3144 aa), ubiquitously expressed
protein of as yet unknown function(s). Expansion of a CAG
repeat near the 5′ end of the gene leads to the incorporation of
a polyQ expansion immediately following the first 17 aas.
Extensive evidence demonstrates that small amino-terminal
fragments of HTT are the predominant species found in post-
mortem patient material and are able to cause pathology in ex-
perimental systems [e.g. (6,17,33,34)]. Indeed, inclusions in
post-mortem brain tissue react only with N-terminal HTT anti-
bodies (14,33) and not with antibodies that recognize epitopes
beyond �115 aas (2,35). Thus, an understanding of the behav-
ior and pathogenic potential of naturally occurring N-terminal
fragments is critical to understanding HD. In order to identify
proper targets for treatment, it is important to understand the
extent to which differential pathogenesis in model systems is
simply a matter of levels of transgene expression or other
system-specific behavior versus a matter of distinct biophysical
properties of particular peptides.

Figure 6. Comparisons of the aggregation potential of different fragments. The
crosses for these experiments were w; Da-GAL4; + virgins X w/Y; FRAG; +
males. Wandering third instar larvae (second instar in the case of 90) were ana-
lyzed (sex was not determined). In (A), the number of apparent aggregates was
determined by analyzing 3D confocal stacks of at least five discs of each genotype
using ImageJ (examples shown in Fig. 5B). Controls (CTL) were companion eye
discs expressing a fragment terminating at aa 118, which generated no signal. The
number of objects detected in the 469–586 specimens was notably less than the
number in the 90 or the 108 samples. Inspection by high-resolution microscopy
indicates that the objects counted in the 469–586 samples with the threshold soft-
ware are not true discreet aggregates but rather concentrations of diffuse material
(see Fig. 5C and Supplementary Material, Fig. S3). In (B), the potential of frag-
ments to seed amyloid formation was evaluated as an increase in Thioflavin T
fluorescence relative to unseeded controls. Three separate collections for each
fragment were analyzed. Controls were expressing the 90ex1 25Q fragment. The
signal from the 90 and the 108 fragments was significantly (P , 0.001) higher
compared with the control at a concentration of one larvae equivalent per reac-
tion. In contrast, the other fragments did not significantly seed. In (C), the
degree of aggregation measured by TR-FRET assay is presented. Controls
were w flies. The aggregation signal from the 90 fragment stands out with a

P , 0.001 when compared with the aggregation signal from all other fragments.
Except for the difference between 469 versus 552 or 586, the differences among
all other samples are different at a level of at least P , 0.05 although all are much
lower than the 90 fragment. In (D), the amount of material in the insoluble smears
below the wells of the western blots is presented (see Fig. 4A). This material is
likely to contain oligomers, but bona fide inclusions will likely not enter the
gel. P-values for 552 versus 469 and 552 versus 513 are P , 0.01. There are
no other significant differences. Controls were w flies.
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The pathogenic potential of different N-terminal fragments

Some studies report that larger HTT fragments are processed to
smaller N-terminal fragments by caspases, calpains and possibly
aspartyl endopeptidases and that mutations that prevent, e.g. the
caspase 6 cleavage at 586, can render HTT nonpathogenic (1–5).
However, these fragments have not been compared in a single
system with a controlled background and controlled level of ex-
pression nor in a system that eliminates the potential of multiple
or sequential cleavage products in an individual experiment. The
challenge in comparing fragment behavior in diverse environ-
ments is illustrated by a recent study where mutagenesis of a pu-
tative cleavage site between HTT105–114 (generating the 108
fragment) blocked generation of the fragment in mammalian
cells but did not block it in transgenic mice (36).

Caspase and calpain fragments

By treating brain extracts with recombinant caspases (7), it has
been reported that caspase 3 cleaves at 513 and 552 and
caspase 6 cleaves at 586. No apparent obligate order of cleavage
is indicated, as demonstrated by the ability of 1220-aa fragments
with specific caspase sites mutated to be cleaved at the remaining
nearby caspase sites. Thus, by this assay, the sites appear to be
independent. By sequence analysis, there are several other puta-
tive sites but they do not appear to be cleaved (7).

When monitored in cultured cells, mutation of all caspase
cleavage sites reduced cellular toxicity (4). However, expressing
a caspase-6-resistant HTT peptide in transgenic YAC mice
derived from cDNA fragments terminating at nucleotide 3949
results in none of the phenotypes typical of mHTT-challenged
mice (7). In contrast, transgenic YAC mice expressing caspase-
3-resistant HTT exhibit the same degree of pathology as those
expressing unmodified HTT. These data suggest that the
24-aa-longer 586 caspase 6 fragment is toxic in vivo (either
because of length, end structure or content, e.g. NLS, NES
sites, etc.) or that genetic background or other unrecognized
effects contributed to the outcome. The observation that genetic
ablation of caspase 6 does not alter the cleavage pattern of HTT
in HdhQ150 knock-in mice (19) suggests that the formation of
the 586 fragment, if it occurs in patients, may not depend on
caspase 6 activity. In our studies, the intrinsic pathogenicities
of the 513 and 552 putative caspase 3 fragments are not signifi-
cantly different than the 586 fragment. The evidence presented
suggests that seeds/inclusionsare very rare or absent in the longer
fragment lines relative to the shorter ones. Although it is possible
that these longer fragments may form inclusions at levels near or
below the limit of detection, they do not have a major impact on
neurodegeneration or survival to adulthood, and they have a
greatly reduced impact on motor function and longevity com-
pared with 90ex1 120Q.

In addition to the caspase fragments, two fragments with mo-
lecular mass predicted from cleavage of calpain sites located at
469 and 536 have been observed in cultured cells (1), and deletion
of the putative calpain sites reduced the appearance of these frag-
ments. Fragments of similar molecular mass have been observed
in western blots of patient material (17). Several reports indicate
that mHTT affects Ca2+ homeostasis, and leads to increased
activity of the Ca2+-dependent calpains in mHTT-challenged
mice (1) thus producing these fragments. Sequential cleavage

by caspases and calpains has also been observed (17). In
transgenic Drosophila expressing these fragments, we find that
the 469 and 536 calpain fragments are relatively nontoxic, do
not form classical inclusions, do not exhibit amyloid seeding
ability and behave similar to the caspase fragments.

The endopeptidase fragment

The putative 108 aspartic endopeptidase fragment (Cp-A, gener-
ated by cleavage between aa’s 104 and 114) was identified by ex-
ploring the antigenic properties of nuclear and cytoplasmic
inclusions formed in an engineered mouse–rat neuroblastoma-
glioma cell line (NG108-15) (2). Inhibitor studies showed that
its formation was blocked by pepstatin, an inhibitor of the as-
partic endopeptidases (which include presenilin and cathepsins
D & E), but not by other protease inhibitors. Other studies also
implicate cathepsins and suggest the formation of other possible
N-terminal HTT fragments in the cleavage-prone region around
104–114 (Kim 2006; Ratovitski 2009). As these fragments have
not been tested for pathogenicity in an in vivo setting, we tested
the toxicity of the 108-aa cp-A fragment. In our studies, the 108
fragment stands as the second most toxic fragment, but a distant
second compared with the exceptionally toxic 90ex1 120Q. It tends
to form classic inclusions, but the kinetics of formation are
notably slower than those of the 90ex1 120Q fragment (Fig. 4B),
it is �25% as potent in ability to seed amyloids, and despite
being just 18 aas longer than the 90ex1 120Q fragment, it does
not lead to overt neuronal degeneration under any of the bio-
logical conditions we were able to test (e.g. even when expressed
at approximately twice the level at which 90ex1 120Q causes neur-
onal degeneration).Also, the 108 fragment is decidedly less toxic
to motor function than 90ex1 120Q when expressed in neurons.
Nevertheless, despite its reduced toxicity relative to 90ex1 120Q,
fragments of this nature could potentially contribute to classic
HD symptoms.

The exon 1 fragment

Extensive studies demonstrate that short fragments of mHTT
(e.g. HTT exon 1, terminating at aa 90) can be highly pathogenic
in a variety of model systems, including mouse, fly, worm and
yeast (9,12,23,37–39). In particular, R6/2 mice that express
90ex1 120Q at �75% the level of normal HTT (9) have been
found to faithfully replicate the gene expression disruptions
seen in patient material (40–42). In our studies, the exon 1 frag-
ment stands out as uniquely pathogenic and as uniquely prone to
forming large microscopically visible inclusions. It is the only
fragment that produces overt neurodegeneration at any level of
expression, it exhibits unique biophysical properties based on
its aberrant migration in SDS gels compared with other frag-
ments containing the same number of polyQ repeats and it is
particularly effective at seeding amyloid formation. It forms
bona fide, classic inclusions, which the longer caspase and cal-
pain fragments do not, and it is generally more toxic in every
assay performed. Thus, when compared in a common genetic
background and in a common chromosomal location, 90ex1 120Q

stands apart in its pathogenicity from all other N-terminal
mHTT fragments that have been reported.

Is it possible that exon 1 fragments are the primary contribu-
tors to pathology? First, recent studies show that an exon 1

Human Molecular Genetics, 2015, Vol. 24, No. 4 921



protein is a natural product produced by an abnormal splicing
event, triggered by the presence of an expanded CAG repeat,
that results in failure to remove the first intron and the subsequent
termination of translation at a cryptic stop codon immediately
following aa 90 (6). Similarly, mouse models where the first
intron remains (e.g. knock-ins) will be subject to aberrant spli-
cing and thus production of exon 1 fragments. The finding of
these aberrantly spliced transcripts in HD patient tissues pro-
vides a mechanism for production of exon 1 fragments in HD
patients from the earliest stages onward.

Secondly, studies of postmortem tissues find that HTT inclu-
sions are comprised primarily of very N-terminal HTT frag-
ments, based on the observation that inclusions fail to stain
with antibodies recognizing epitopes in aa 116–129 (1H6)
(2,34,35,43), 214–229 (ab214), 414–503 (2,44) and 585–725
(14) whereas clearly reacting with antibodies raised against the
first 17 aas and other epitopes upstream of �aa 111. These obser-
vations are consistent with inclusions being comprised primarily
of exon 1 and perhaps Cp-A-like fragments. Although it is a for-
mal possibility that pathology is caused by short-lived longer
intermediate proteolytic fragments that do not accumulate in
patients, the failure of the calpain and the caspase fragments
(i.e. 469–586) to promote pathology in our studies even when
they have accumulated to high levels coupled with the fact that
they do not represent a major portion of the HTT-positive mater-
ial present in diseased brains of patients tends to lower enthusi-
asm for this possibility. Additionally, in studies with mammalian
systems where longer fragments have been implicated in path-
ology, it is difficult to rule out the possibility that further processing
of the original fragments may have contributed to the pathology.
For example, studies that involve enriching HTT by immunoisola-
tion are able to detect caspase and calpain fragments on western
blots (17), but these fragments do not appear to be major compo-
nents of inclusions in brain tissue (2,14,34,35,43–45) These con-
siderations suggest that even if the mHTT burden were confined to
the proteolytic fragments, disease progression would be dramatic-
ally slower than when exon 1 is present. Taken together, these data
suggest that efforts to reduce or remove the exon 1 fragment are
likely to have the greatest impact on ameliorating HD pathology.

MATERIALS AND METHODS

Constructs

To construct transgenes with 120 Qs that do not contain extrane-
ous sequences remaining from cloning steps, we made use of
paired class IIS restriction enzymes and iterative cloning steps
to produce a set of ‘clean’ transgenes. Class-IIS restriction
enzymes recognize a 4- to 7-bp non-palindromic sequence but
cleave to generate a staggered end at a defined distance and dir-
ection from the recognition site (46,47). This allows one to en-
gineer cleavage/ligation sites at any location and sequence
desired. A cassette of 120 mixed-codon Qs was first constructed
in a pBSK II vector modified by exchanging the region between
the SacI and KpnI sites with unique SpeI and SphI sites flanking
three unique sites between them (or as many as the number of it-
erative steps one needs to employ) – in this case EcoRI, HindIII
and BamHI. A synthetic oligonucleotide encoding an SpeI site
followed by a mixture of CAG/CAA codons encoding 31 Q resi-
dues followed by a BseRI site directed toward the Qs and an

EcoRI site was cloned into the Spe1 EcoRI sites of the modified
vector (Supplementary Material, Fig. S6). A second fragment
consisting of EcoRI, BseRI directed right, 29 Qs, a BspMI site
directed left and HindIII was cloned into the EcoRI/HindIII
site. Cutting with BseRI and ligating produced a 60Q clone
without any trace of the BseRI or EcoRI sites. A fragment con-
sisting of HindIII, BspMI facing right, 29 Qs, a BseRI site
facing left and BamHI was cloned into the 60Q plasmid cut
with HindIII and BamHI. Cutting with BspMI and ligating pro-
duces an 89 Q plasmid, which was cut with BamHI and SphI
and a fragment inserted consisting of BamHI, BseRI facing
right, 31 Qs and SphI. Cutting and ligating produced a plasmid
with 120 mixed-codon Qs flanked by SpeI and SphI sites.

Using a similar strategy, this 120 Q cassette was inserted into
the HTT gene. To this end, a second pBSK vector was modified
by replacing the multiple cloning site with an oligonucleotide
containing EcoRI, NotI, PstI and XhoI sites (Supplementary Ma-
terial, Fig. S7). The vector was further modified by cloning a syn-
thetic oligonucleotide containing NotI, BseRI facing left, BseRI
facing right, SpeI, SphI, BspMI facing left, BspMI facing right
and PstI sites into the NotI and PstI sites. The SpeI-Q120-SphI
fragment from above was cloned into this plasmid. The HTT
coding sequences 5′ and 3′ from the site of the polyQs were
PCR amplified from a full-length human HTT cDNA clone
with 23Qs (a kind gift from P. J. Muchowski, UCSF) using
primers that generated unique restriction sites (EcoRI-5′-NotI
and PstI-3′-XhoI, respectively). The 5′ part of the target gene
is sealed to the left side of the Q-repeat coding sequence by de-
leting the spacer with BseRI digestion followed by ligation and
then repeating with BspMI digestion/ligation. This results in
an HTT gene with an EcoRI site just before the start codon,
120 Qs ending at aa 171 and a XhoI site at the end. Shorter
ones were made by PCR from this clone.

Different fragments were then cloned into the pUASTattB
vector for transformation (8) by insertion of the EcoRI/XhoI
fragment (or PCR products with those sites in the primers) fol-
lowed by insertion of the C-termini using XhoI and another con-
venient restriction site for cloning.

Flies

ywM{eGFP;RFP.vas-int.Dm}ZH-2A;M{RFP.attP}ZH-51D flies
[akindgift from K.Basler,UniversityofZurich, (8)]were injected
with pUASTattB vectors harboring the different HTT fragments,
and transformed flies were recovered based on eye color and
crossed with stocks containing CyO in a w[1118] background to
generate flies homozygous for the transgene on the second
chromosome. Elav-GAL4-containing X chromosomes were
derived from Bloomington stock number 458 (P{w[+mW.hs] ¼
GawB}elav[C155]). Da-GAL4-containing third chromosomes
were derived from Bloomington stock number 8641 (w[1118];
P{da-GAL4.w[-]}3), and these were recombined with Blooming-
ton stock number 7017 (w[∗]; P{w[+mC] ¼ tubP-GAL80[ts]}2/
TM2) to create the tub-GAL80ts da-GAL4 chromosome. All flies
were maintained on standard media and kept on a 12-h light cycle.

qPCR

Following freezing at 2808C, mRNA was extracted by grinding
samples with a motorized plastic pestle in TRIzol (GibcoBRL
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15596) for 1 min, and then processing following the manufac-
turer’s recommendations. cDNA was generated using Fermen-
tas Maxima Universal First Strand cDNA Synthesis Kit
#K1661. Reaction products were diluted with water, and qPCR
was performed using SYBR Green on a DNA Engine Continu-
ous Fluorescence Detection System (MJ Research, Reno, NV,
USA). Primers for amplification were located in the 3′ UTR of
the transgene vector that is common to all fragments being
studied, thus avoiding any differences in primer efficiency.

Eclosion assays

Two to five males were placed in a vial with 2–5 virgins. Flies
were allowed to mate for �3 days and then passed daily into
new vials for 4–5 days. Eclosed adults were removed from
vials daily and scored.

Neurodegeneration assays

Adult flies were decapitated, and heads mounted on a glass slide
with clear nail polish. To measure neuronal degeneration, the
number of rhabdomeres/ommatidium was scored as a reflection
of the number of intact photoreceptor neurons by focusing on the
surface of the eye with light coming from below using a Nikon
Optiphot microscope as described (48).

Motor function tests

Neuronal function was measured by testing flies ability to climb
when HTT was expressed in neurons. Three vials of 15 female
(expressing) flies were placed side-by-side in a rack with vials
of sibling males (non-expressing). Video recordings were
made of the flies being tapped down and climbing up every 6 s
or so for �2 min. The video was analyzed using the Flytracker
program (B. Barbaro, UCI—available upon request) with
some manual curation. Average climbing speed was determined
for each vial by taking the average position of the flies after 3 s
and subtracting the average position of the flies at 2 s, and the
results are presented as the ratio of climbing speed of HTT-
challenged females to non-HTT-expressing sibling males.

Longevity assays

Vials were kept at 22.58C until eclosion. After eclosion, progeny
were stored at 188C for 4–6 days until enough flies had been col-
lected to establish vials containing 10–15 flies for each cross (in
the case of 90, two crosses were combined in three of five cases
because there were not enough flies eclosing), at which point
they were moved to 258C. Vials were passed and dead flies
counted every 2–3 days.

Antibodies

Primary antibodies: S830 sheep anti-HTT (used at 1 : 1000 dilu-
tion for immunohistochemistry) [a kind gift from G. Bates,
King’s College (34)]; Elav-9F8A9 mouse anti-Dmel elav (used
at 1 : 200 dilution for immunohistochemistry) and E7 mouse
anti-beta-tubulin (used at 1 : 1000 dilution for western blots)
(Developmental Studies Hybridoma Bank); PW0595 rabbit
anti-HTT (used at 1 : 1000 dilution for western blots and

immunohistochemistry) (Enzo Life Sciences); 4C9 mouse
anti-HTT (used at 1 : 10 000 dilution for western blots and immu-
nohistochemistry) (32); 1C2 mouse anti-polyQ (used at 1 : 1000
dilution for western blots) (a kind gift of L. Thompson UCI);
Neo536(c3980) rabbit anti-HTT (epitope near aa 536) (used at
1 : 100 dilution for western blots) (kind gift from L. Ellerby). Sec-
ondary antibodies: fluorescein isothiocyanate-conjugated donkey
anti-sheep (used at 1 : 250 dilution for immunohistochemistry,
Jackson ImmunoResearch, Inc.); IRDye 680 goat anti-rabbit
and 800CW goat anti-mouse (both used at 1 : 10,000 dilution
for western blots, LI-COR Biosciences); Alexa Fluor 488 goat
anti-rabbit and 488 goat anti-mouse (both used at 1 : 4000 dilution
for immunohistochemistry, Life Technologies).

Western blotting

Tissues were processed as follows: for larval tissues, single wan-
dering third instar larvae were ground for 1 min with an electric
pestle in 30 ml PBS and combined with 30 ml 2× loading buffer.
For production/degradation assays, single adult males were
ground directly in 30 ml 2× loading buffer. Homogenates were im-
mediately heated for 5 min at 958C. Samples were run on 8–10%
polyacrylamide or 7.5% Bio-Rad TGX gels and then transferred
to Immobilon-FL PVDF membrane using a Bio-Rad Mini Protean
IIapparatus.Membranes wereblockedwith50%OdysseyBlocking
Buffer (LI-COR) in PBS and then probed with primary and second-
ary antibodies. Detectionand quantification were performed withan
LI-COR Odyssey Infrared Imaging System.

Immunofluorescence

Wandering third instar larvae were bisected, and the anterior half
turned inside out and placed in PBST (PBS + 0.1% Tween or
PBS + 0.2% Triton X-100) on ice. Within an hour, these
halves were fixed by rocking for 20–30 min at room temperature
in PBST with 4% formaldehyde. Halves were then washed with
PBST and blocked with 5–10% BSA in PBST for 1 h at room
temp, probed overnight at 48C with primary antibody (4C9
1 : 10 000 or S830 1 : 200 in BSA/PBST), washed, blocked
again and probed at 48C overnight with secondary antibody
(AlexaFluor 488 anti-mouse at 1 : 4000 in BSA/PBST or FITC-
conjugated donkeyanti-sheep 1 : 250)andwashedagain.Organs
of interest were then dissected out and mounted in Vectashield
with DAPI. Tissues were imaged on a Zeiss LSM 510 META
or LSM 780 laser scanning microscope. Image analysis was per-
formed with ImageJ.

Aggregate counting

Optical sections of eye discs described earlier were processed
with ImageJ software, using the ‘3D Object Counter’ plug-in
(49) Threshold levels were set to 1500, and all other settings
were left on default values. These settings clearly identified
most of the aggregates as determined by visual inspection and
were applied consistently to all images.

TR-FRET assay

The recently developed Time-Resolved Forster Resonance
Energy Transfer protocol (TR-FRET) is designed to measure
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soluble and insoluble HTT (32). Soluble species are detected by
the FRET signal generated from two differently labeled anti-
bodies binding one at the N-terminus (2B7) and one within the
polyQ domain (MW1). Aggregated HTT is detected by the
FRET signal generated from a single monoclonal antibody direc-
ted against an epitope between 42 and 54 (4C9) but labeled with
two dyes, which only fluoresces when HTT is aggregated
whereas the fluorescence of the 2B7/MW1 pair is blocked
when the polyQs are aggregated.

Seeding assays

Extracts of Drosophila expressing different N-terminal HTT
peptides were tested for their ability to seed the formation of
thioflavinT-positive amyloid using an ASA (31) with modifica-
tions. Briefly, 20 Drosophila L3 larvae were ground in 600 ml
PBS supplemented with 1 mM PMSF, 1 mM EDTA, 1 mM DTT
and 0.1 mM protease inhibitor cocktail (Sigma P8340) and then
further homogenized by the addition of 1-mm glass beads and
vortexing at a high speed for 5 min. The homogenate was
removed, and the glass beads were washed with 600 ml of PBS
for 5 min. The two solutions were combined for a final homogen-
ate solution of 20 larvae equivalent in 1200 ml of PBS. 100 mg of
magnetic beads (S1432S NEB, binding capacity 10 mg) conju-
gated to anti-rabbit IgG secondary antibody were washed with
PBS buffer and incubated with a solution of 10 mg of A11 anti-
body (AB9234, Millipore) in 1 ml of 0.1% BSA in PBS buffer at
RT with continuous shaking at low speed. After a 2-h incubation,
magnetic beads were removed and washed three times with PBST
buffer (1 ml) and resuspended in 1 ml of PBS. Magnetic beads
were divided into 20 aliquots (0.2-mg bead equivalent), and
each was incubated separately with 200 ml of fruit fly homogenate
shaking at low speed. After 2-h incubation, samples were washed
four times with PBST buffer (1 ml) and then eluted with 50 ml of
6 M GndHCl for 2 h at RT shaking at low speed.

Disaggregated monomeric K2Q44K2 (polyQ) (Keck Biotech-
nology Center at Yale University, .90% purity by HPLC) was
mixed with 50 ml of eluted misfolded HTT purified from larval
extracts to a final volume of 600 ml of 0.2 mg/ml of peptide,
50 mM ThT (T3516, Sigma) and 0.5 M GdnHCl in TBS buffer
pH 8. This solution was transferred to three wells (200 ml
each) of a black 96-well flat bottom plate (353945, BD bio-
sciences) containing a single 3-mm glass bead (z143928,
Sigma) for mixing. Each well contained 200 ml. The plate was
sealed with a sealing tape (235207, Fisher) and incubated in a
Spectramax M2 plate reader at 378C, with shaking for 5 s
every 5 min. Fluorescence intensity was recorded every 5 min
with excitation at 444 nm and emission at 484 nm. ThT values
were compared at 1.2× the time of the average lag phase of
the control sample. To calculate the lag phase, the first of three
consecutive time points that were significantly (P , 1023)
above the background and after which the signal did not fall
below background were identified. Background fluorescence
recorded from solution in the absence of peptide was subtracted
from each data set.

Statistical and analytic procedures

Throughout this paper, error bars show standard error of the
mean (SEM ¼ standard deviation/square root of n). Significance

was established using Student’s t test (N.S. ¼ not significant,
∗ ¼ P , 0.05, ∗∗ ¼ P , 0.01, ∗∗∗ ¼ P , 0.001). Spearman–
Kärber analysis (50) was used to determine the seeding dose of
the larvae samples at which 50% of reactions seeded with the
purified extracts were positive seeders compared with the
90ex1 25Q control sample.
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