
Proteolysis of Mutant Huntingtin Produces an Exon 1
Fragment That Accumulates as an Aggregated Protein in
Neuronal Nuclei in Huntington Disease*□S

Received for publication, October 12, 2009, and in revised form, January 15, 2010 Published, JBC Papers in Press, January 19, 2010, DOI 10.1074/jbc.M109.075028

Christian Landles‡, Kirupa Sathasivam‡, Andreas Weiss§, Ben Woodman‡, Hilary Moffitt‡, Steve Finkbeiner¶,
Banghua Sun�, Juliette Gafni**, Lisa M. Ellerby**, Yvon Trottier‡‡, William G. Richards�, Alex Osmand§§,
Paolo Paganetti§, and Gillian P. Bates‡1

From the ‡Department Medical and Molecular Genetics, King’s College London School of Medicine, King’s College London,
London SE1 9RT, United Kingdom, §Neuroscience Discovery, Novartis Institutes for BioMedical Research, Basel CH-4002,
Switzerland, the ¶Gladstone Institute for Neurological Disease, Taube-Koret Center for Huntington’s Disease Research, and
Departments of Neurology and Physiology, University of California, San Francisco, California 94158, the �Department of Metabolic
Disorders, Amgen Inc., Thousand Oaks, California 91320, the **Buck Institute for Age Research, Novato, California 94945, the
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Huntingtin proteolysis has been implicated in the molecular
pathogenesis of Huntington disease (HD). Despite an intense
effort, the identity of the pathogenic smallest N-terminal frag-
ment has not been determined. Using a panel of anti-huntingtin
antibodies, we employed an unbiased approach to generate pro-
teolytic cleavage maps of mutant and wild-type huntingtin in
the HdhQ150 knock-in mouse model of HD. We identified 14
prominent N-terminal fragments, which, in addition to the full-
length protein, can be readily detected in cytoplasmic but not
nuclear fractions. These fragments were detected at all ages and
are not a consequence of the pathogenic process. We demon-
strated that the smallest fragment is an exon 1 huntingtin pro-
tein, known to contain a potent nuclear export signal. Prior to
the onset of behavioral phenotypes, the exon 1 protein, and pos-
sibly other small fragments, accumulate in neuronal nuclei in
the form of a detergent insoluble complex, visualized as diffuse
granular nuclear staining in tissue sections. This methodology
can be used to validate the inhibition of specific proteases as
therapeutic targets for HD by pharmacological or genetic
approaches.

Huntington disease (HD)2 is an inherited neurodegenerative
disorder with onset in midlife for which symptoms include

motor disturbances, personality changes, and cognitive decline
(1). The mutation is a CAG/polyglutamine (polyQ) repeat
expansion located at the N terminus of huntingtin (Htt), a pro-
tein of many diverse functions (2, 3). Individuals with (CAG)35
or less remain unaffected, those with (CAG)40 and above will
develop HD within a normal lifespan, whereas repeats above
(CAG)70 will invariably cause childhood onset.
Mouse models of HD include transgenic mice that express

either N-terminal fragments of, or full-length human Htt, and
themore genetically precise knock-in models, in whichmutant
CAG repeats have been inserted into themouseHd gene (Hdh)
(1). R6/2mice expressingmutant exon 1Htt (4) exhibit an early
onset and rapid progression of HD-related phenotypes, which
have allowed extensive complementary analyses and enabled
this model to be used as a screening tool. In our colony, nuclear
inclusions can be readily detected by immunohistochemistry in
the cerebral cortex, striatum, and hippocampus by 3 weeks of
age (5, 6), Rotarod impairment is apparent by 6 weeks, and
end-stage disease occurs at 15 weeks. The HdhQ150 knock-in
mouse carries �150Q (7). In our homozygous HdhQ150
(HdhQ150/Q150) colony, nuclear inclusions were detected by
immunohistochemistry in the striatum and hippocampus by 6
months and the cortex by 8 months, an impaired Rotarod per-
formance was apparent by 18 months of age, and end stage
disease occurs at around 22months (8). Our recent comparison
of R6/2 and HdhQ150/Q150 mice at late stage disease (standard-
ized for strain background and CAG repeat size) found that
both models exhibit widespread and comparable phenotypes
(8–10). Nuclear inclusions and neuropil aggregates were dis-
tributed throughout all regions of the brain (8), and the periph-
eral distribution of nuclear inclusions was highly comparable
(10).Microarray expression profiles from both striatum (9) and
cerebellum3 of the R6/2 and HdhQ150/Q150 mice were highly
correlated, and striatal profiles were also strikingly similar to
those obtained from human post-mortem brain (9). The main
difference between these two models is the age of phenotype
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onset and rate of phenotype progression. Therefore, the accu-
mulation of a critical concentration of N-terminal Htt frag-
ments could be the rate-limiting step required for phenotype
onset in HdhQ150 mice.
The hypothesis that the toxic protein in HD is an N-terminal

Htt fragment originated through the observations that only
N-terminal Htt antibodies detect nuclear inclusions and dys-
trophic neurites in HD patient brains (11), that N-terminal
fragments of Htt aggregate muchmore readily in vitro (12) and
in cell models (13), and that Htt contained a caspase cleavage
site (14). The ensuing search for sites of proteolytic cleavage of
humanHtt has revealed active caspase-3 (Htt-513 andHtt-552)
and caspase-6 (Htt-586) sites (15) and calpain sites at Htt-469
and Htt-536 (16, 17). Prevention of cleavage at the caspase-6
but not caspase-3 sites has been found to be protective in YAC
transgenic mice (18). Small N-terminal fragments that are
potentially highly pathogenic have been isolated fromHDpost-
mortem brains (19) and from a number of HD models systems
for which the precise cleavage sites and proteases involved
remain elusive (20–25).
To identify N-terminal Htt fragments that are relevant to

HD-related phenotypes in the HdhQ150 knock-in mouse, we
have conducted an unbiased systematic analysis of the N-ter-
minal fragments that are generated from both the mutant and
wild-type (WT) Htt proteins throughout the life span of this
mouse model. We identified 14 prominent mutant N-terminal
fragments that were present in all nine brain regions studied.
We demonstrated that the smallest fragment is an exon 1 pro-
tein, known to contain a potent nuclear export (NES) signal (26,
27). Levels of exon 1 Htt and possibly other small fragments
decrease in cytoplasmic soluble brain fractions from �8
months of age, because they accumulate in the nucleus as a
detergent-insoluble aggregated complex. It will be possible to
use this methodology as an in vivo pharmacological or genetic
screen to validate the inhibition of specific proteases as thera-
peutic targets for HD.

EXPERIMENTAL PROCEDURES

Mouse Breeding, Maintenance, Genotyping, and CAG Repeat
Sizing—Allmouse experiments were performed under theAni-
mals Scientific Procedures Act (1986) under project and per-
sonal licenses approved and issued by the Home Office. The
R6/2 and HdhQ150 knock-in mice were maintained, geno-
typed, and CAG repeat-sized as previously described (28). The
mean repeat size was 154 � 6.6 for HdhQ150 mice and 190 �
2.1 (�S.D.) for R6/2. Mouse brains or brain regions were snap-
frozen in liquid nitrogen and stored at �80 °C.
Immunoprecipitation—Whole brains were homogenized in

freshly prepared 2-ml ice-cold HEPES buffer (50 mM HEPES/
NaOH (pH 7.0), 150 mM NaCl, 10 mM EDTA, 1.0% Nonidet
P-40, 0.5% sodium deoxycholate, 0.1% SDS, 0.1% bovine serum
albumin) with 10 mM dithiothreitol, 1 mM phenylmethylsulfo-
nyl fluoride, and complete protease inhibitor mixture. Lysates
were used immediately and never frozen. Samples were soni-
cated on ice for 10 s (Vibracell Sonicator, amplitude 40), spun at
13,000 � g at 4 °C for 30 min, and the supernatant was trans-
ferred to a fresh tube. Protein concentrations were determined
using a BCA-protein assay kit (Perbio). Prior to immunopre-

cipitation, lysates were pre-cleared for 1 h at 4 °C on a rotating
wheel by incubation with 50 �l (1:1-slurry) protein G-Sepha-
rose-agarose beads (Invitrogen, prewashed 3� in 1� phos-
phate-buffered saline (PBS), 0.1% bovine serum albumin).
Following brief centrifugation (to pellet beads), 1 mg of the
pre-cleared supernatant was immunoprecipitated overnight on
a rotating wheel. (When developing the methodology for this
work, we performed immunoprecipitations for 2 h, 6 h, and
overnight and never observed a difference in the pattern of
soluble Htt fragments). Each reaction contained 20 �l (1:1-
slurry) of protein G-Sepharose-agarose, 1 �g of antibody, and
HEPES buffer to a final volume of 1 ml. Following immunopre-
cipitation, the protein G-Sepharose-agarose was pelleted by
brief centrifugation at 13,000 � g for 30 s, washed with 1 ml
HEPES buffer (4�), and finally resuspended in 8 �l of 2� Lae-
mmli buffer. Immunoprecipitated complexes were eluted by
denaturation at 75 °C for 5 min. For immunoprecipitation of
brain regions, each region was homogenized in 250–500 �l of
HEPES buffer, and the whole region was immunoprecipitated
as above. For immunoprecipitation of cytoplasmic and nuclear
fractions, samples were prepared as described, sonicated on ice
for 10 s (amplitude 40), and centrifuged at 13,000 � g for 5 min
at 4 °C, and finally the supernatant (500 �g of nuclei or 1 mg of
cytoplasm) was immunoprecipitated as above.
Western Immunoblotting—Brains were homogenized in ice-

cold KCl buffer and processed for Western blotting as
described (8). For immunoblotting, 20–40 �g of total protein
or 5–8 �l of immunoprecipitate in Laemmli loading buffer was
denatured at 75 °C for 5 min and separated by 8-, 10-, 12-, or
15% SDS-PAGE and blotted onto nitrocellulose membrane
(Schleicher and Schuell) and immunoprobed as described (8).
Primary antibodies, secondary antibodies, and dilutions are
summarized in the supplemental tables.
In Vitro Calpain and Caspase Cleavage—Mouse brains were

dissected into two hemispheres, snap-frozen, and stored as
described. One hemisphere was lysed in HEPES buffer and
immunoprecipitated as above. The other hemisphere was lysed
in cleavage buffer (15), sonicated, and spun at 13,000� g at 4 °C
for 30 min, and the protein concentrations of the supernatants
were determined as above. For in vitro calpain cleavage, 200 �g
was incubated with 0, 0.5, 2.5, 3.5, and 4.5 units of purified
calpain I or II (Calbiochem),� 5mMCaCl2, in 50 �l of cleavage
buffer (minus protease inhibitors) at 30 °C for 15 min. For in
vitro caspase cleavage, 100 �g was incubated with 100 units of
purified caspase-3 or -6 (Biomol) in 20 �l of cleavage buffer
(minus protease inhibitors) at 37 °C for 1 h. Following incuba-
tion, 5� Laemmli loading buffer was added to quench the reac-
tions, and samples were denatured at 75 °C for 5 min and ana-
lyzed by SDS-PAGE.
Site-directed mutagenesis of 23Q and 148Q pTet-splice-

full-length Htt (25) was performed using primers F:5�-CTT-
GAGCCACAGCTCCTGACAGGTCAGCGCCGTCCC-3�
and R:5�-GGGACGGCGCTGACCTGTCAGGAGCTGTG-
GCTCAAG-3�. PCRs were performed using 50 ng of DNA,
5.0 �l of 10� Pfu buffer (Stratagene), 0.2 mM dNTPs (Pro-
mega), 125 ng each of forward and reverse primers (Inte-
grated DNA Technologies), 5.0% Me2SO, and 1.0 �l of Pfu
polymerase (Stratagene) for 18 cycles at 96 °C for 1 min,
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55 °C for 1 min, and 68 °C for 45 min, then 68 °C for 10 min.
Plasmids were DpnI (Promega)-treated, transformed into
XL1-Blue supercompetent cells (Stratagene), and purified
using the QIAprep Spin Miniprep Kit (Qiagen). Mutations
were confirmed by DNA sequencing. The construct was
expressed in 293T cells using SuperFect according to the
manufacturer’s instructions and lysed in m-PER reagent
(Pierce).
Cytoplasmic and Nuclear Fractionation—Cytoplasmic and

nuclear fractions were prepared as previously described (29).
TR-FRET—Time-resolved Förster resonance energy transfer

(TR-FRET) was performed on cytoplasmic and nuclear frac-
tions from HdhQ150 and R6/2 brains as described previously
(30, 31). Statistical significance was determined by Student’s t
test.
Aggregate Dissociation in SDS and Formic Acid—Aggregates

in cytoplasmic and nuclear fractions were dissociated sequen-
tially in SDS and formic acid (19). Cytoplasmic samples: 50 �g
was spun at 13,000� g at room temperature for 40min, and the
supernatant (cytosol) was discarded. The pellet was resus-
pended in 50�l of 1� SDS-buffer (2% SDS, 5% �-mercaptoeth-
anol, 15% glycerol) and boiled for 10 min. Nuclear samples: 50
�gwas resuspended in 2� SDS-buffer to a final volume of 50�l
and boiled for 10 min. Cytoplasmic and nuclear samples were
sonicated on ice for 20 s (Vibracell Sonicator, amplitude 10),
spun at 13,000 � g at 4 °C for 15 min, and the supernatants
(SDS-soluble fractions) were transferred to a fresh tube. The
pellets were briefly washed twice in 0.1 ml of 1� SDS-buffer,
centrifuged at 13,000� g for 5min, briefly vortexed in 0.1ml of
formic acid, incubated on a shaking platform (250 rpm) at 37 °C
for 1 h, and dried in a SpeedVac for 4 h. For SDS-PAGE analysis,
8 �l of the SDS-soluble fractions and all of the formic acid-
treated fractions were resuspended in 5 �l of 2� Laemmli
buffer, and 4 �l of 1 M Trizma base (Tris base, Sigma). (Note:
nuclear samples should be blue in color. If they appeared yel-
low, 1 M Trizma base was added to neutralize the acidic pH.)
Samples were denatured by boiling for 10 min prior to SDS-
PAGE analysis.
Immunohistochemical Detection of Polyglutamine and Con-

focal Microscopy—For immunohistochemical detection of
aggregates with formic acid, 6-month paraformaldehyde perfu-
sion-fixed HdhQ150/Q150 brains were sectioned at 35 �m and
processed as previously described (32). Sections were treated
with formic acid, followed by sodium borohydride, and reacted
overnight with either biotinylated 4H7H7 (100 ng/ml), 3B5H10
(100 ng/ml), or 1H6 (1 �g/ml). Following biotin tyramide
amplification, biotin was detected with Vectastain ABC Elite
reagent using a nickel/3,3�-diaminobenzidine substrate (Vector

Laboratories). For confocal analysis, 15-month HdhQ150/Q150

brains were snap-frozen in isopentane on dry ice, and the stri-
atum was sectioned at 15 �m onto poly-L-lysine-coated slides
using a cryostat (Bright Instruments Ltd., UK). Sections were
fixed in 4% paraformaldehyde for 30 min and washed in PBS
(pH 7.4) twice for 15min and then incubated in blocking buffer
(PBS, 2% bovine serum albumin, mouse Ig blocking agent
(MOM, Vector Laboratories)) with 0.1% Triton X-100 for 15
min. To test for co-localization with S830, sections were incu-
bated with S830 in combination with each additional anti-Htt
primary antibody in blocking buffer overnight at 4 °C. Sections
werewashed twice in PBS for 15min, incubatedwith secondary
fluorescent antibodies andTO-PRO-3 nuclear stain (Molecular
Probes 1:1000) in blocking buffer for 1 h. Primary and second-
ary antibody dilutions are detailed in the supplemental tables.
Finally, sections were washed twice in PBS for 15 min and
mounted in Mowiol mounting media. Sections were examined
and imaged on a Zeiss Meta-510 confocal microscope.
COS-1 Cell Transfection—Exon-1 Htt constructs (12) were

sequentially mutated using the QuikChange site-directed
mutagenesis kit (Stratagene) and subcloned into pSG5 (Strat-
agene).Mutations were confirmed byDNA sequencing. COS-1
cells were transiently transfected with 1 �g of DNA using
FuGENE 6 (Roche Applied Science), cells were harvested after
48 h, and lysates were prepared in m-PER reagent (Pierce). 20
�g of lysate was analyzed by Western blot.

RESULTS

Map of N-terminal Mutant Htt Fragments Present in
HdhQ150 Knock-in Mice—To identify N-terminal Htt frag-
ments that are present in the brains of the HdhQ150 knock-in
mice, we employed a combination of immunoprecipitation and
Western blotting of whole brain lysates prepared from het-
erozygous HdhQ150 (Hdh�/Q150) animals aged 2 months (Fig.
1). We chose this approach, because, although Htt fragments
can be detected directly onWestern blots of brain lysates, con-
struction of an N-terminal map is complicated by the identifi-
cation of internal fragments recognized bymany antibodies and
by cross-reaction to other proteins (supplemental Fig. S1). We
established a collection of antibodies across the Htt protein
(Fig. 1, A and C, and supplemental data) and optimized our
brain lysate preparation protocols (supplemental Fig. S2). To
prepare an N-terminal fragment map of the mutant protein,
Htt was immunoprecipitated with antibodies that recognize
epitopes that span the protein and immunodetected with
MW1, an antibody that recognizes the expanded polyQ tract
and, therefore, does not detect WT Htt (Fig. 1D and
supplemental Fig. S3). It was not possible to use HdhQ150/Q150

FIGURE 1. Map of proteolytic cleavage sites that generate the N-terminal mutant Htt fragments present in HdhQ150 knock-in mouse brains. A, sche-
matic representation of mutant mouse Htt protein showing the position of the previously mapped caspase and calpain sites (above) and the antibodies used
for immunoprecipitation (below). Htt was immunoprecipitated with each antibody from 2-month Hdh�/Q150 whole brain extracts and immunoprobed with the
N-terminal antibody MW1 after fractionation by 8% SDS-PAGE. Fourteen prominent N-terminal fragments can be detected (right panel). The schematic shows
the order in which the fragments migrate on the SDS gel, their size (in kilodaltons based on the co-migration of size markers), and their predicted length (based
on the location of the antibodies with which they have been immunoprecipitated). B, details of the previously mapped caspase and calpain sites. The position
in both human (with 23Q) and mouse Htt (with 7Q) is given. C, details of the antibodies used to generate the protease cleavage map: the epitope that they
recognize and its location in both human (23Q) and mouse (7Q) Htt. D, series of SDS-PAGE immunoblots from which the map is derived. Mutant Htt was
immunoprecipitated from a single 2-month Hdh�/Q150 brain with the panel of antibodies as indicated and immunodetected with MW1. Results were confirmed
using multiple additional 2-month brains. The control immunoprecipitation from a WT brain was routinely performed and showed no signal
(supplemental Fig. S3). In � interface between stacking and resolving gel; FL � full-length protein.
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brains for this purpose, because the CAG repeats in each allele
are generally of different lengths resulting in a doublet for each
N-terminal fragment, which complicates the analysis.We were
able to readily identify 14 fragments (Fig. 1A) that migrated by
SDS-PAGE with sizes corresponding to 70–350 kDa. This pat-
tern is robust, because it was obtained by immunoprecipitation
with seven different N-terminal antibodies (2B7 through
MW8) (Fig. 1 and supplemental Fig. S4). As has been demon-
strated in multiple experiments, it is not possible to estimate
the molecular weight of a mutant Htt fragment from its migra-
tion by SDS-PAGE, because this is retarded by the presence of
the polyQ tract (12). For example, Fragments 11–14 all
migrated between 70 and 85 kDa, whereas their estimated size
range (assuming 150Q) would be 27–66 kDa. This analysis also
uncovered the complex manner in which fragment length and
polyQ tract interact, because the smallest fragment (Fragment
13) was not the fastest to migrate through the gel. Comparison
with the location of the previously described caspase and cal-
pain cleavage sites (Fig. 1B) indicated that Fragments 7–10
could terminate at the caspase Htt-513, Htt-552, Htt-586, and
calpainHtt-536 sites, respectively. None of the fragments could
terminate at the mouse equivalent of the human calpain Htt-
469 site (Fig. 1B). Fragment 13was the only fragment that could
correspond to the previously described CpA (19, 25) or Cp1
(23), because all others are immunoprecipitated with 1H6 and
HD-170.
Map of N-terminal Wild-type Htt Fragments—To generate

the corresponding map of proteolytic sites in WT Htt, frag-
ments were immunoprecipitated with antibodies recognizing
epitopes across theWT protein and immunodetected with 2B7
or 1H6 (MW1 could not be used for these experiments, as it
only detects mutant Htt). Identical maps were generated with
both antibodies using brains from 2-month-old (Fig. 2) and
18-month-old (data not shown) WT mice. We were able to
identify Fragments 1–11 from the mutant Htt map (Fig. 2A).
Fragments 12–14, if generated from WT Htt, would be
expected tomigrate between 8 and 36 kDa, and we were unable
to detect any fragments in this size range (Fig. 2B). As had been
the case for mutant Htt, Fragment 11 was recognized by anti-
bodies 2B7 to HD-331 (Fig. 2,C andD), and Fragments 7–10 by
antibodies 2B7 to HD-494 (Fig. 2E). Fractionation of the WT
fragments by 8% SDS-PAGE revealed several additional prote-
ase cleavage sites within the C-terminal region of the protein
that generate N-terminal fragments larger than Fragment 2
(Fig. 2E).We did not have access to antibodies that would allow
us to refine themap location of thesemore C-terminal cleavage
sites.

Pattern of N-terminal Mutant Htt Fragments Is Consistent
throughout the Brain—We next compared the pattern of
mutant N-terminal Htt fragments upon immunoprecipitation
with 1C2 from the brain regions of Hdh�/Q150 aged 2 months
(Fig. 3). There was a striking similarity in the pattern of N-ter-
minal fragments that can be detected across brain regions,
although the relative intensity of individual fragments within
any brain region was found to vary. For example, Fragment 11
appeared to be relatively more abundant in the cortex than in
most other brain regions, and Fragment 14 although prominent
in the cortex was very faint in the brain stem, striatum, and
thalamus. Three comparatively weak bands that had not been
identified in total brain lysate (Fragments a–c) were present in
a number of brain regions and prominent in hippocampus and
thalamus (Fig. 3).
At Least Four N-terminal Htt Fragments May Terminate at

Caspase or Calpain Sites—To identify the C termini of the Htt
N-terminal fragments we attempted to use mass spectrometric
approaches but were unable to purify sufficient material by
immunoprecipitation from mouse brain extracts for this pur-
pose. Similarly, neo-epitope antibodies that recognize Htt
caspase (Htt-513, Htt-552, and Htt-586) (15, 33) and calpain
(Htt-536) (16) fragments in vitro and in cell culture failed to give
a signal onWestern blots ofHtt fragments that had been immu-
noprecipitated from Hdh�/Q150 brains. Our interpretation of
these negative results was that the neo-epitope antibodies had
either relatively weak affinity for the caspase- and calpain-gen-
erated Htt fragments or that post-translational modifications
blocked reactivity.
Therefore, in an attempt to determine the source of some of

the N-terminal Htt fragments we performed a series of proteo-
lytic digests. Digestion of lysates from a singleHdh�/Q150 brain
aged 2 months with calpain-I and calpain-II indicated that
Fragment 7 terminates at a previously unidentified calpain
cleavage site that would map between amino acid 488 and 633
in themouse protein (510–654 in humanHtt with 23Q) (Fig. 4,
A and B). Other fragments enriched by digestion with calpains
are difficult to interpret. Two prominent fragments are gener-
atedwith sizes between those of Fragments 10 and 11 that could
correspond to Fragments b and c identified in Fig. 3, terminat-
ing between amino acids 325 and 472 in themouse protein (347
and 494 in human). Digestion with caspase-3 produced two
prominent bands most likely terminating at the Htt-513 and
Htt-552 sites. Comparison with N-terminal Htt fragments pres-
ent in the same mouse suggests that Fragment 10may end at the
Htt-513 caspase site and that a fragment terminating atHtt-552 is
not present (Fig. 4C). Finally, digestion with caspase-6 indicated

FIGURE 2. Map of proteolytic cleavage sites that generate N-terminal WT Htt fragments. A, schematic representation of WT mouse Htt showing the
position of the previously mapped caspase and calpain sites (above) and the antibodies used for immunoprecipitation (below). Htt was immunoprecipitated
with each antibody from 2-month WT whole brain extracts and immunoprobed with 2B7. The schematic shows the order in which the fragments migrate on
the SDS gel, their size (in kilodaltons based on the co-migration of size markers), and their predicted length (based on the location of the antibodies with which
they have been immunoprecipitated). B–E, series of SDS-PAGE immunoblots from which the map is derived. B, right-hand panel: fragments were resolved by
12% SDS-PAGE to identify the smallest N-terminal fragments, however, Fragments 12–14, predicted to be 8 –36 kDa in size, could not be detected. Left-hand
panel: no antibody and HdhQ150/Q150 controls for comparison with the position of mutant Htt Fragments 11 and 14 indicated for reference. C, right-hand panel:
fragments were resolved by 10% SDS-PAGE, and Fragment 11 can be detected with antibodies 2B7 to HD-331, but not MAB2166 and HD-494. Left-hand panel:
no antibody and HdhQ150/Q150 controls for comparison with the position of mutant Htt Fragments 11, 13, and 14 indicated for reference. D, fragments were
separated by 8% SDS-PAGE to better resolve Fragment 11 from the IgG heavy chain. E, right-hand panel: fragments were resolved by 8% SDS-PAGE. Fragments
7–9 can be detected with antibodies 2B7 to HD-494 and not HD-654. Many more N-terminal fragments of a size between that of Fragment 2 and the full-length
protein can be detected on this gel. Left-hand panel: no antibody and HdhQ150/Q150 controls for comparison with the position of mutant Htt fragments indicated
for reference. H � IgG heavy chain; L � IgG light chain; *, bands detected by the secondary anti-mouse antibody.
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that Fragment 8 terminates at the Htt-586 caspase-6 cleavage site
(Fig. 4D). An additional band released by caspase-6 cleavage could
correspond to Fragment c (Fig. 3).
Ability to Detect the Smaller N-terminal Mutant Htt Frag-

ments Decreases with Age—We then determined whether the
mutant Htt fragments that were present in total brain lysates
remained constant over the course of a 21-month period.
Immunoprecipitation of N-terminal fragments with S830 and
immunodetection with MW1 indicated that Fragments 12–14
could not be readily detected in whole brain lysates from
Hdh�/Q150 mice aged 12 and 21 months (Fig. 5A). Also, the
resolution of Fragments 7–11was less distinct at later ages pos-
sibly because somatic instability of the CAG repeat results in a
mosaic of fragment sizes (34). We conducted a time course to
identify the age at which the inability to detect Fragments
12–14 first occurs (Fig. 5B). These three fragments were readily
detected at 6 months but had considerably diminished by 8
months andwere barely detectable at 10months. This age tran-
sition corresponds to the time at which it is possible to detect
statistically significant levels of aggregated Htt using the
Seprion ligand enzyme-linked immunosorbent assay (28) and
occurs prior to the onset of behavioral and physiological phe-
notypes (8).
SolubleNativeN-terminal Fragments andFull-lengthHttAre

Not Detected in the Nucleus by Immunoprecipitation andWest-
ern Blotting—To probe the subcellular localization of the
N-terminal fragments, we prepared whole brain cytoplasmic
and nuclear fractions from twoHdh�/Q150 mice aged 2months
(presymptomatic) and two aged 18 months (symptomatic) and
immunoprecipitated and immunodetected N-terminal Htt
fragments with 3B5H10 and MW1, respectively (Fig. 5C). At
both 2 and 18months, the relative intensity of N-terminal frag-

ments differed between the cytoplasmic fractions and those
obtained by using the same two antibodies from whole brain
lysates (Fig. 5C), reflecting the influence of the preparation
buffer on epitope exposure. Fragments that were previously
faint or barely detectable (Fragments 3, 4, 9, 10, a, b, and c) were
prominent in the cytoplasmic fraction and, conversely, frag-
ments that had always appeared abundant were comparatively
faint (Fragment 11). At 18months, as was the case for thewhole
brain lysates (Fig. 5A), the smaller fragments were no longer
detected in the cytoplasm and the larger fragments resolved as
more diffuse bands. We failed to detect any mutant Htt N-ter-
minal fragments in the nuclear fractions by immunoprecipita-
tion and subsequent Western blotting at 2 or 18 months of age
(Fig. 5C).
To quantify the relative levels of mutant Htt in the cyto-

plasm and nucleus, we employed the highly sensitive time-
resolved FRET (TR-FRET) assay (Fig. 5D) (30). This assay
uses a labeled antibody pair: 2B7-europium and MW1-d2 to
quantify levels of mutant Htt (the WT mouse protein is not
detected by MW1). Cytoplasmic and nuclear preparations
from WT and HdhQ150/Q150 brains aged 3 and 15 months were
subject to TR-FRET with WT fractions functioning as negative
controls.Therewas a statistically significant reduction in the levels
of mutant Htt in cytoplasmic fractions at 15months as compared
with that at 3 months, most likely due to the recruitment of the
mutant protein into Htt aggregates. Low but statistically signifi-
cant levels ofmutantHtt couldbedetected in thenuclear fractions
of both 3- and 15-month HdhQ150/Q150 as compared with WT
controls. This could represent either solubleHtt, inwhich case the
levels were too low to detect byWestern blot, or aggregated forms
of Htt, because although MW1 does not detect large fibrillar
aggregates, it does recognize smaller oligomeric structures (28).

FIGURE 3. The spatial distribution of N-terminal mutant Htt fragments throughout the mouse brain. N-terminal Htt fragments were immunoprecipitated
from the dissected brain regions of two Hdh�/Q150 mice at 2 months of age with antibody 1C2. Immunoprecipitates from both mice were fractionated by 8%
SDS-PAGE and immunodetected with MW1. In � interface between stacking and resolving gel; FL � full-length protein.
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We previously published that the soluble form of the R6/2
exon 1 transgene protein (transprotein) cannot be detected by
Western blot in nuclear fractions prepared from the brains of
R6/2 mice at any age (26). We applied TR-FRET to determine
whether the transprotein can be detected in R6/2 nuclear brain
fractions by this more sensitive approach. Cytoplasmic and
nuclear fractions were prepared from the brains of R6/2 mice
aged 4 weeks (presymptomatic) and 14 weeks (late-stage dis-
ease). Immunodetection with MW1 showed that the soluble
transprotein present in whole brain lysates and cytoplasmic
fractions decreased with age and could not be detected in the
nucleus (Fig. 5E), confirming our previous results. The same
samples were subjected to TR-FRET, and, as for the HdhQ150
experiments, theWT fractions served as negative controls (Fig.

5F). The level of transprotein in the cytoplasm significantly
decreased with age as a consequence of being recruited into
aggregates. There was a small but significant amount of mutant
protein in the nucleus, which may represent either the soluble
protein or an aggregated form thereof.
Detergent-insolubleAggregatedN-terminalMutantHtt Frag-

ments Are Present in Cell Nuclei in the Brains of HdhQ150
Knock-in Mice—We hypothesized that small mutant N-termi-
nal Htt fragments might have entered the nucleus and been
retained there, because they had formed insoluble protein com-
plexes. To investigate this further, Htt aggregates were pelleted
from the cytoplasmic and nuclear fractions of Hdh�/Q150 mice
aged 8 months (presymptomatic) and 23 months (end stage
disease). The supernatants of these lysates were subject to

FIGURE 4. Identification of Htt fragments generated by calpain or caspase proteolysis. A and B, the lysate from a 2-month-old Hdh�/Q150 mice was digested
with increasing concentrations of calpain-I (A) or calpain-II (B) in the presence of CaCl2, fractionated by 8% SDS-PAGE, and immunoprobed with MW1. Control
lanes included: (i) WT and Hdh�/Q150 lysates that had been immunoprecipitated with 3B5H10 (the same Hdh�/Q150 brain as digested with calpains), (ii) Htt
fragments that terminate at amino acid 536 and contain 23Q or 148Q; and (iii) lysate digested with the maximum concentration (4.5 units) of calpain-I or -II in
the absence of CaCl2. C and D, lysates from 2-month-old WT and Hdh�/Q150 mice were digested with or without either caspase-3 (C) or caspase-6 (D) and
fractionated by 8% SDS-PAGE and immunoprobed with MW1. Control lanes were lysates that had been immunoprecipitated with 3B5H10 from the same WT
and Hdh�/Q150 mice.
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immunoprecipitation with 3B5H10. The pellets were sequen-
tially solubilized in SDS and formic acid. (Note: Htt was not
immunoprecipitated from these.) All samples were fraction-
ated by SDS-PAGE alongside immunoprecipitates from the
cytoplasmic and nuclear fractions of anHdh�/Q150 mouse aged
2 months for reference (Fig. 6A). Western blots were then
immunoprobed with S830, MW1, or MW8.
Analysis of the immunoprecipitated supernatants indicated

that Fragment 13 might represent an exon 1 Htt protein. At 8
months, the pattern of fragments immunoprecipitated from
the supernatant with 3B5H10 and immunodetected with S830
and MW1 was comparable to that at 2 months. By 23 months,
all fragments resolved as a smear, and the smaller fragments
(Fragments 12–14) could no longer be distinguished, possibly
reflecting a combination of somatic instability and the accumu-
lation of partially digested, partially soluble complexes. MW8
was raised against an epitope at the C terminus of the exon 1
protein. At 2months of ageMW8only recognizes Fragment 13,
the smallest of the mutant N-terminal fragments, suggesting
that it may act as an exon1 C-terminal neo-epitope antibody
and that Fragment 13was an exon 1 protein. At 8 months a less
intense fragment and smear were detected and at 23 months, a
complex smear indicated that this fragment had formed deter-
gent insoluble structures.
Solubilization of the cytoplasmic and nuclear pellets with

SDS and immunodetection with S830 and MW8 revealed a
large amount of detergent-insoluble aggregated protein in the
stacking gel at 23 months, and trace amounts were present at 8
months. This material was not detected by MW1, which does
not recognize fibrillar aggregates (28). The cytoplasmic pellets
were partially solubilized with SDS to release a number of frag-
ments that can be detected with both S830 and MW1. Because
the solubilized pellets have not been immunoprecipitated prior
to immunodetection, some of these bands might represent
cross-reacting proteins. However, if that were the case, they
should also be present in SDS-solubilized pellets from R6/2
mice (Fig. 6B). The fragments may represent solubilized aggre-
gated material or, alternatively, fragments that had been pel-
leted with membranes and/or organelles. Solubilization of the
nuclear pellet with formic acid released S830 andMW1 immu-
noreactive material that resolved as a smear and corresponded
in size to the smaller Htt fragments. This was not detected by
the MW8 C-terminal exon 1 antibody suggesting that the C
terminusmay have been destroyed by formic acid treatment, or
by degradation within the cell.

We performed the same set of experiments with cytoplasmic
and nuclear fractions from R6/2 mice aged 4 weeks (presymp-
tomatic) and 14 weeks (late-stage disease) (Fig. 6B), except that
the transproteinwas not immunoprecipitated prior to fraction-
ation by SDS-PAGE. The R6/2 mice express an exon 1 Htt pro-
tein. At 4weeks, the soluble protein could be readily detected in
the cytoplasmwith all three antibodies but was absent from the
nucleus, and by 14 weeks the cytoplasmic levels had greatly
diminished. Analysis with all three antibodies showed that at 4
weeks, the cytoplasmic pellet could be solubilizedwith SDS, but
at 14 weeks, the cytoplasmic SDS-soluble material could only
be detected readily with MW1. The MW1 antibody consis-
tently detected bands not seen by S830 and MW8. We have
previously shown thatMW1 can recognize specific conformers
of the Htt exon 1 protein, the epitopes for which are retained
upon fractionation through SDS-PAGE gels (28). Formic acid
solubilization of the nuclear pellet from 14-week-old mice pro-
duced a smear very similar to that obtained fromHdhQ150/Q150

mice at 23 months. The size distribution of the smear was
mostly larger than that of exon 1 Htt indicating that the aggre-
gates cannot be completely dissociated with formic acid. The
smear was detectable withMW8 indicating that the C terminus
of the exon 1Htt protein is formic acid-resistant. Therefore, the
absence of this fragment from the formic acid-digested,
23-monthHdhQ150/Q150 nucleimight indicate that degradation
of the C terminus had occurred over the lifetime of the mouse.
We next performed immunohistochemistry with the polyQ

specific antibodies: 4H7H7 and 3B5H10, and with 1H6 on cor-
onal brain sections from HdhQ150/Q150 mice aged 6 months.
Mutant Htt was detected as a diffuse “stain” distributed
throughout the nucleus in HdhQ150/Q150 but not WTmice at 6
months with both 4H7H7 (Fig. 6C) and 3B5H10 (data not
shown) provided the sections had first been treatedwith formic
acid. It was not possible to detect mutant Htt with either anti-
body in the absence of formic acid treatment. These data indi-
cate that the polyQ tract was present as anH-bonded structure,
consistent with the formation of a cross-�-sheet (35). The dif-
fuse nuclear stain was not detected with 1H6 with or without
formic acid treatment (Fig. 6D) suggesting that the aggregates
may only contain Fragment 13. In addition, we performed
immunohistochemistry with 2B7, MW8, 1H6, HD-170,
HD-215, and MAB2166 and used confocal microscopy to
determine whether these antibodies co-localized with S830. Of
these, only 2B7 and MW8 were found to co-localize (Fig. 7),
consistent with the above data indicating that aggregates are

FIGURE 5. Detection of native N-terminal fragments of mutant Htt in the nucleus. A, N-terminal Htt fragments were immunoprecipitated with or without
S830 from whole brain lysates of Hdh�/Q150 mice at 2, 12, and 21 months of age and immunodetected with MW1. The three smaller fragments (Fragments
12–14) cannot be detected in the lysates from mice aged 12 and 21 months. The resolution of the larger fragments is less distinct in the older mice. B, N-terminal
Htt fragments were immunoprecipitated with or without S830 from Hdh�/Q150 whole brain lysates aged from 2 to 10 months and immunodetected with MW1.
Fragments 12–14 are prominent up to and including 6 months of age but have diminished by 8 months. The variability in the migration of specific fragments
between ages is a consequence of the difference in the CAG repeat length in the mice used in panels A and B. C, cytoplasmic and nuclear fractions were
prepared from whole brains from two Hdh�/Q150 mice at each of 2 and 18 months of age and N-terminal Htt fragments were immunoprecipitated with 3B5H10
and immunodetected with MW1. These were compared with the fragments that were obtained by immunoprecipitation from whole brain lysates. Purity of the
cytoplasmic and nuclear preparations was determined by immunoprobing with antibodies to �-actin and histone H3, respectively. D, TR-FRET (2B7-MW1) was
performed on cytoplasmic and nuclear preparations from WT and HdhQ150/Q150 brains at 3 months and 15 months of age (n � 3/genotype/age). E, cytoplasmic
and nuclear fractions were prepared from whole brains from two R6/2 mice at each of 4 and 14 weeks of age, the R6/2 transprotein was immunoprobed with
MW1 and compared with the signal obtained from whole brain lysates. Purity of the cytoplasmic and nuclear preparations was determined by immunoprobing
with antibodies to �-actin and histone H3, respectively. F, TR-FRET (2B7-MW1) was performed on cytoplasmic and nuclear preparations from WT and R6/2
brains at 4 and 14 weeks of age (n � 3/genotype/age). G, schematic of the position of putative nuclear export (NES) sites in the mouse Htt protein. N � nuclear,
C � cytoplasm, L � lysates. In � interface between stacking and resolving gel; FL � full-length protein; Tpr � translocated promoter region.
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composed of the smallest N-terminal fragment. However, our
immunoprecipitation and Western blotting data showed that
our detection of the three smallest Htt fragments in cytoplas-
mic fractions diminished with age (Fig. 5). Therefore, the
epitopes to antibodies, 1H6, HD-170, and HD-215, may be
masked from detection by immunohistochemistry.
Fragment 13 Is an Exon 1 Htt Protein—To determine

whether MW8 behaves as an exon 1 Htt C-terminal neo-
epitope antibody, wemutated a human exon 1 construct by the
sequential deletion or addition of amino acids from and to the
C-terminal proline (�3 to �9). We cloned a subset of these
constructs into the mammalian expression vector pSG5, tran-
siently expressed them in COS-1 cells, performed Western
blots, and immunoprobed themwith antibodies 2B7, S830, and
MW8 (Fig. 8A). 2B7 and S830 both detected all constructs. In

contrast, MW8 only recognized the exon 1 protein, failing to
detect the �1 and �1 and all other mutant versions (Fig. 8A)
indicating thatMW8 acts as an exon 1 neo-epitope antibody on
Western blots. TR-FRET with 2B7-terbium cryptate and
MW8-d2 also specifically detected only the exon 1 protein (Fig.
8B), whereas TR-FRET using 2B7 and 4C9-alexa detected all
N-terminal Htt constructs (Fig. 8B). 4C9 is a monoclonal anti-
body raised against the human specific proline-rich region
(amino acid 65–84). Normalization of the 2B7-MW8 signal
with the 2B7–4C9 signal on the same lysates confirmed that
MW8 specifically recognizes the C terminus of exon 1 (Fig. 8C).
TR-FRET was performed with 2B7-europium and MW8-d2

on nuclear and cytoplasmic fractions from R6/2 brains aged 4
and 14 weeks (Fig. 8D) and HdhQ150/Q150 brains aged 3 and 15
months (Fig. 8E) and compared with 2B7-MW1 FRET that had

FIGURE 6. Aggregated but not soluble N-terminal mutant Htt fragments are present in the nucleus. A, cytoplasmic and nuclear fractions were prepared
from brains from Hdh�/Q150 mice aged 8 and 23 months. After centrifugation, the supernatant was immunoprecipitated with 3B5H10, and the pellet was
sequentially solubilized in SDS and formic acid. Samples were fractionated on 8% SDS-PAGE gels alongside N-terminal fragments immunoprecipitated from
brain lysates from Hdh�/Q150 mice aged 2 months for comparison. Western blots were probed with S830, MW1, and MW8 as indicated. B, cytoplasmic and
nuclear fractions were prepared from the brains of R6/2 mice at 4 and 14 weeks of age. After centrifugation the supernatant was retained, and the pellet was
sequentially solubilized in SDS and formic acid. Samples were fractionated by 8% SDS-PAGE, and Western blots were immunoprobed with S830, MW1, and
MW8 as indicated. Arrowhead � interface between stacking and resolving gels. N � nuclear, C � cytoplasm; open arrowhead � R6/2 transprotein. C, diffuse
nuclear Htt was immunodetected with the polyQ-specific antibody 4H7H7 in sections from HdhQ150/Q150 brains aged 6 months only after prior treatment with
formic acid. Staining was absent from formic acid-treated and untreated WT sections. D, diffuse nuclear Htt was immunodetected with the polyQ-specific
antibody 4H7H7 in sections from HdhQ150/Q150 brains aged 6 months after prior treatment with formic acid. Staining was absent from formic acid-treated
HdhQ150/Q150 and WT sections when immunoprobed with 1H6. FA � formic acid. Scale bars: 20 �m.

FIGURE 7. Nuclear inclusions are immunodetected by antibodies that recognize epitopes N-terminal to 1H6. The exon 1 Htt antibody, S830, readily
detects nuclear inclusions in HdhQ150/Q150 mouse brains aged 15 months. To determine which Htt fragments might be present in the nuclear inclusions, frozen
sections were fixed in 4% paraformaldehyde, and immunohistochemistry was performed with antibodies that spanned the Htt protein and confocal micros-
copy used to look for co-localization with S830. The antibodies 2B7 and MW8 that detect exon 1 Htt epitopes, but not 1H6, HD-170, HD-215, and MAB216, were
found to co-localize. Therefore, we could only detect epitopes that are present in the smallest N-terminal fragment (Fragment 13) in the nuclear inclusions. Scale
bar: 20 �m.

Huntingtin Proteolysis Produces an Exon 1 Protein

MARCH 19, 2010 • VOLUME 285 • NUMBER 12 JOURNAL OF BIOLOGICAL CHEMISTRY 8819



FIGURE 8. The smallest N-terminal fragment is an exon 1 protein. A, schematic of the exon-1 Htt protein showing the C-terminal amino acid sequence, the
positions of the antigens against which 2B7 and S830 were raised, and the epitope recognized by MW8 (39). The numbers above the amino acid sequence
indicate the C termini of the various exon 1 mutant constructs. MW8 only recognizes the exon 1 protein in lysates prepared from the constructs when
transiently expressed in COS-1 cells, whereas 2B7 and S830 detect exon 1 as well as all of the deletion and addition mutants. B and C, demonstration of the
specificity of MW8 against the C terminus of exon 1. Htt specific signal (Htt levels) measured by TR-FRET (B) from cell lysates expressing the mutated exon 1
constructs using 2B7– 4C9 (black bars) or 2B7-MW8 (gray bars). Normalization (C) of the MW8 signal with the 4C9 signal is shown. D and E, 2B7-MW8 TR-FRET of
cytoplasmic and nuclear fractions from R6/2 mice aged 4 and 14 weeks (D) and HdhQ150/Q150 mice aged 3 and 15 months (E). For comparison, please see Fig. 5
(D and F), where the same tissue samples were analyzed by 2B7-MW1 TR-FRET.
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been performed on lysates from the same tissues (Fig. 5, D and
F). The 2B7-MW1 assay is negative in WT mice as MW1 only
detects expanded polyQ repeats. The absence of a signal with
2B7-MW8 in WT mice supports our mapping data indicating
that Fragment 13 (exon 1 Htt) is not produced from WT hun-
tingtin. As expected, given that the R6/2mice express a mutant
exon 1 protein, the TR-FRET signal between 2B7-MW1 (Fig.
5F) and 2B7-MW8 (Fig. 8D) was similar at both 4 and 14 weeks.
In contrast, TR-FRET signals between 2B7-MW1 (Fig. 5D) and
2B7-MW8 (Fig. 8E) in theHdhQ150/Q150 mice were very differ-
ent. The 2B7-MW1 signals reflect the level of full-length
mutant Htt and all N-terminal fragments, whereas the lower
signal obtained from 2B7-MW8 is indicative of the level of the
exon 1 protein (Fragment 13), in either a soluble or aggregated
state, in the HdhQ150/Q150 brains.

DISCUSSION

Wehave employed an immunoprecipitation and immunode-
tection strategy to identify N-terminal Htt proteolytic cleavage
fragments that are present in the brains of HdhQ150 knock-in
mice. The C termini of 14 mutant Htt N-terminal fragments
were mapped with respect to antibodies that span the protein
(Fragments 1–14). These fragments were present at 2 months,
and, in contrast to previous reports (36), their appearance was
not related to age or stage of disease. All 14 fragments were
present in the nine brain regions studied and three additional
fragments (Fragments a–c), not detected in immunoprecipi-
tates from whole brain lysates, were identified. The relative
intensity of the fragments varied depending on the antibody
and lysis buffer used (Figs. 1D and 5) and, therefore, it is not
possible to estimate the relative amounts of these N-terminal
fragments in the mouse brain in vivo. We showed that Frag-
ment 7 is generated by proteolysis with calpains, Fragment 8 by
caspase-6 cleavage at Htt-586, Fragments 9 and 10 are probably
produced by calpain Htt-536 and caspase-3 Htt-513 digestion.
Fragments b and c may originate through digestion with a cal-
pain or Fragment c could be the product of caspase-6 digestion.
We showed that of the 14 N-terminal fragments, the three
smallest (Fragments 12–14) could not be detected in the brains
of WT mice. The reasons may be that the WT protein is pro-
cessed to produce these fragments, that the WT fragments are
degraded more rapidly than their mutant counterparts, or that
the epitopes required for immunoprecipitation are not accessi-
ble in the context of the WT protein.
Htt contains a translocated promoter region binding site

within the first 17 amino acids that acts as a very potent NES
(27) and has an NES at amino acid 2397–2406 in the human
protein (2373–2382 in mouse) (37) (Fig. 5G). We previously
generated mice transgenic for a 20Q exon 1 protein with an
N-terminal nuclear localization signal (26). The soluble
transproteinwas only detected in cytoplasmic fractions of brain
lysates from these mice, demonstrating that the NES within
amino acids 1–17 can override an exogenous nuclear localiza-
tion signal in vivo (26) as had been shown previously in vitro
(27). Here, we confirm that the soluble R6/2 transprotein can
only be detected in the cytoplasmic fractions of R6/2 mice and
that the nuclear fractions contain detergent-insoluble, formic
acid-soluble, aggregated protein that is present in the stacking

gels of Western blots. We conclude that the R6/2 transprotein
enters the cell nucleus and is only retained there if it has formed
detergent-insoluble complexes that interfere with the function
of the N-terminal NES. These data suggest that the appearance
of the transprotein as diffuse nuclear stain (5), as visualized by
immunohistochemistry, represents an oligomeric/aggregated
form of the R6/2 transprotein.
This hypothesis is consistent with the results of the present

study.Wedid not detect the soluble formof full-lengthHtt or of
theN-terminal Htt fragments in nuclear lysates fromHdhQ150
knock-in brains at any age from 2 to 23 months by Western
blots. These results are inconsistent with previous reports of
low levels of nuclear full-length Htt detected on long exposures
of Western blots from the brains of the HdhQ111 knock-in
model (38) and in an inducible Htt transgenic model (25). This
discrepancy could reflect differences in lysis conditions or in
the subcellular fractionation protocols, because �-tubulin (a
cytoplasmic marker) was also present in nuclear preparations
(38). To investigate this issue further, we employed the more
sensitive 2B7-MW1 TR-FRET assay (Fig. 5). This assay detects
a FRET signal between 2B7 (1–17 amino acids) and MW1
(polyQ) (39) and would be expected to recognize soluble and
oligomeric forms of Htt but not Htt fibrils (28). Therefore, in
addition to formic acid-insoluble aggregates, the nucleus con-
tains low levels of either soluble or oligomeric mutant Htt as
recognized by MW1. It follows that, if the Htt-586 caspase-6
fragment, previously reported to be enriched in nuclei in cell
culture systems (33), is present in neuronal nuclei inHdhQ150
brains, it is there at very low levels.
Our ability to detect the smallest mutant N-terminal Htt

fragments in the cytoplasmic fractions from HdhQ150 brains
diminishes with age and occurs in parallel to increased levels of
detergent-insoluble, formic acid-soluble aggregated Htt in cell
nuclei. The prior treatment of brain sections with formic acid
allowed the immunodetection of mutant N-terminal Htt in the
form of a “diffuse nuclear stain” by exposing epitopes that had
been masked by an H-bonded structure in an aggregated state.
That the diffuse nuclear stain might represent an aggregated
form of the protein inHdh knock-inmousemodels, rather than
an altered conformer of full-length Htt (38), is consistent with
the fact that this nuclear immunostain inHdhQ111/Q111 striatal
cells was decreased by the administration of anti-aggregation
compounds that had been isolated in an N-terminal Htt anti-
aggregation screen (40).
Wehave shown that the smallestN-terminal fragment (Frag-

ment 13) is an exon 1Htt protein.When used to immunoprobe
Western blots, MW8 acts as an exon 1 C-terminal neo-epitope
antibody, an interpretation confirmed by our Htt exon 1
mutagenesis experiments and supported by TR-FRET. How-
ever, MW8 does not act as a neo-epitope antibody in all situa-
tions, because it can immunoprecipitate all 14 N-terminal Htt
fragments from tissue lysates (supplemental Fig. S4). The dif-
fuse immunostaining that accumulates in neuronal nuclei and
is revealed by formic acid treatment was detected with the
polyQ antibodies 4H7H7 and 3B5H10, but not by 1H6, suggest-
ing that it may comprise only the exon 1 Htt fragment. How-
ever, we routinely observed that our ability to detect the three
smallestHtt fragments in cytoplasmic fractions by immunopre-
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cipitation andWestern blotting diminishedwith age suggesting
that the epitopes to antibodies, 1H6, HD-170, and HD-215,
might be masked from detection by immunohistochemistry.
The demonstration that the smallest N-terminal fragment is an
exon 1 Htt protein is extremely important as there are many
exon 1 HD models. These may therefore be representative of
the nuclear pathogenic process that occurs in theHdh knock-in
mice and that has previously been linked to phenotype severity
(41). In addition, cytoplasmic mutant exon 1 Htt contributes to
the phenotype of HD mouse models (26) and, therefore, this
would also be expected to be pathogenic in the knock-in
models.
Wehavemapped theC termini of themutant andWTN-ter-

minal Htt fragments that are generated in HdhQ150 knock-in
and in WT mice. Both mutant and WT full-length Htt can be
cleaved to generate many N-terminal and internal fragments,
the physiological role of which is unknown. This methodology
can be used to confirm the origin of specific fragments by either
genetic or pharmacological approaches e.g. by crossing to
caspase-6 knock-out mice. These approaches can also be used
to test the cascade hypothesis and determine whether the pro-
duction of one fragment is essential for the generation of others.
The identification of the source of the smaller N-terminal frag-
ments is a high priority. If the three smallestmutantN-terminal
fragments are not present in WT mice, they may not have a
physiological function and, therefore, blocking their produc-
tion may not have deleterious consequences.
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