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Huntingtin proteolysis is implicated in Huntington disease
pathogenesis, yet, the nature of huntingtin toxic fragments
remains unclear. Huntingtin undergoes proteolysis by calpains
and caspases within an N-terminal region between amino acids
460 and 600. We have focused on proteolytic steps producing
shorter N-terminal fragments, which we term cp-1 and cp-2
(distinct from previously described cp-A/cp-B). We used
HEK293 cells to express the first 511 residues of huntingtin and
further define the cp-1 and cp-2 cleavage sites. Based on epitope
mapping with huntingtin-specific antibodies, we found that
cp-1 cleavage occurs between residues 81 and 129 of huntingtin.
Affinity and size exclusion chromatography were used to further
purify huntingtin cleavage products and enrich for the cp-1/
cp-2 fragments. Using mass spectrometry, we found that the
cp-2 fragment is generated by cleavage of huntingtin at position
Arg!'®”, This site was confirmed by deletion analysis and specific
detection with a custom-generated cp-2 site neo-epitope anti-
body. Furthermore, alterations of this cleavage site resulted in a
decrease in toxicity and an increase in aggregation of huntingtin
in neuronal cells. These data suggest that cleavage of huntingtin
at residue Arg'®” may mediate mutant huntingtin toxicity in
Huntington disease.

Huntington disease (HD)? is a progressive neurodegenera-
tive disorder caused by a polyglutamine (poly(Q)) expansion
within the coding region of the HD gene product, huntingtin
(Htt) (1, 2). The mechanisms of Htt induced toxicity are still
largely unknown; however, there is mounting evidence that
toxic poly(Q)-expanded Htt fragments are formed from full-
length Htt via proteolysis (3—18). Thus, the Htt cleavage path-
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way and the molecules involved in it may represent potential
therapeutic targets for intervention in HD.

There are at least two domains susceptible to proteolysis in
the 345-kDa Htt protein (Fig. 1). Htt can be cleaved by caspases
and calpains at multiple sites within the region between resi-
dues 460 and 600 (14, 19 —29). Cleavage of Htt at position 586 by
caspase 6 is of particular importance for HD pathogenesis, as
alterations of this site in a YAC128 HD mouse model strikingly
ameliorate the phenotype (25). Another cleavage-prone region
lies near the N terminus of Htt. Lunkes and co-workers (5)
described two short N-terminal Htt cleavage products, cp-A
and cp-B, and mapped the cp-A cleavage site to residues 105—
114. We have recently characterized two short N-terminal frag-
ments of similar size (cp-1 and cp-2) generated in a stable
inducible PC12 cell model engineered to express full-length
normal and expanded Htt (30). We found that deletion of
amino acids 105-114 failed to prevent the formation of either
fragment, suggesting that cp-1 is distinct from previously
described cp-A. Furthermore, in previous reports cp-A/B frag-
ments were observed only in the presence of proteasome inhib-
itors, whereas cp-1/2 fragments are easily detectable without
proteasome inhibition in transient and stably transfected cells
in our systems, suggesting that these fragments may be distinct
from cp-A/B. Using the PC12 cell model we found that cp-1 and
cp-2 fragments accumulate within nuclear and cytoplasmic
inclusions, and can be generated via a caspase independent
pathway (30).

Although Htt cleavage may play an important role in HD, it is
possible that not all Htt proteolytic fragments contribute to
toxicity. In fact, there is growing evidence for a role of frag-
ments of specific size in the pathogenic process. For example,
YAC128 mouse HD models indicate that caspase 2- and
caspase 3-generated expanded Htt fragments (552 and 513
amino acids in length, respectively) are not involved in patho-
genesis, whereas the caspase 6-generated 586-amino acid frag-
ment is pathogenic (25). Furthermore, endogenous caspase-
generated Htt fragments have different cellular distributions:
caspase 2/3-generated fragments localize to the perinuclear
region, whereas caspase 6-generated fragments are enriched in
the nucleus (31). Other mouse models of HD demonstrate that
the exon 1 Htt fragment (R6/2 mice) (15) and the N-terminal
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FIGURE 1. The schematics of Htt proteolysis. HEAT repeats (blue boxes) are indicated within the Htt sequence, N-terminal and caspase/calpain putative
proteolytic domains are shown (yellow boxes). Putative cp-1 and confirmed cp-2 sites are indicated by arrows. Epitopes recognized by Htt antibodies are

marked with red lines.

171-amino acid Htt fragment (N171-82Q mice) (16) are toxic,
whereas the N-terminal 117-amino acid fragment (N117) does
not convey the HD phenotype in the “shortstop” mice (32).
Thus, it is of particular interest to map the precise cleavage sites
in expanded Htt and to evaluate toxic properties of specific Htt
fragments formed by proteolysis.

Here we employed a combination of mass spectrometry and
site-directed mutagenesis to define the cleavage events produc-
ing short N-terminal fragments of Htt. We found a potential
new site of cleavage, generating the cp-2 fragment, at position
Arg'®”. To determine a role for cp-2 in aggregation and toxicity,
we generated mutations within the potential cp-2 cleavage site.
Based on these studies, the presence of the cp-2 fragment is
involved in Htt-induced toxicity in neuronal HT22 cells. In
contrast, the N117 (shortstop) fragment is less toxic. These
results support the idea that cleavage of Htt at specific sites may
mediate mutant Htt toxicity in HD.

EXPERIMENTAL PROCEDURES

Plasmids and Mutagenesis—All Htt constructs used repre-
sent N-terminal fragments and are referred to as N followed by
a number of amino acids present (e.g. N511). Truncated Htt
expression constructs N511-8Q/82Q were generated from
previously described (11) full-length Htt constructs (HD-FL-
23/82Q) by an introduction of a stop codon after amino acid
511 of Htt. Htt-N511-32Q/52Q constructs were produced
from N511-82Q by random contractions of the poly(Q) repeat
in bacterial cells. Truncated Htt expression constructs N90 —
8Q/82Q, N117—8Q/82Q, N167— 8Q/82Q, and N171-8Q/82Q
were generated from Htt-N511-8Q/82Q by an introduction of
a stop codon after the indicated amino acid. The stop codons
and all deletions used in this study were introduced by site-
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directed mutagenesis using the QuikChange II XL kit (Strat-
agene) according to the manufacturer’s protocol. Htt-N586 —
82Q plasmid was a gift from David Borchelt (University of
Florida, Gainesville, FL) and Htt-N586-17Q/128Q plasmids
were previously described (25). The Htt-N586 —52Q construct
was produced from N511-82Q by random contractions of
poly(Q) repeat in bacterial cells.

Cell Culture and Transfection—Human embryonic kidney
(HEK) 293FT cells (Invitrogen) were grown in Dulbecco’s mod-
ified Eagle’s medium (with 4.5 g/liter p-glucose, Invitrogen)
supplemented with 10% fetal bovine serum, 100 ug/ml Geneti-
cin, 100 units/ml penicillin, and 100 units/ml streptomycin.
Mouse hippocampal HT22 cells were maintained in Dulbecco’s
modified Eagle’s medium (with 1 g/liter p-glucose, Invitrogen)
supplemented with 10% fetal bovine serum, 100 units/ml pen-
icillin, and 100 units/ml streptomycin. Mouse neuroblastoma
2a (N2a) cells (ATCC, CCL-131) were maintained in 50% Opti-
MEM (Invitrogen), 50% Dulbecco’s modified Eagle’s medium
(with 4.5 g/liter p-glucose), supplemented with 5% fetal bovine
serum, 100 units/ml penicillin, and 100 units/ml streptomycin.
All cells were transfected with Htt constructs using Lipo-
fectamine 2000 (Invitrogen) according to the manufacturer’s
protocol.

Purification of Htt Fragments for Mass Spectrometry—
HEK?293 cells were transfected with either Htt-N511-52Q or
Htt-N511-8Q constructs, and lysed in M-PER buffer (Pierce)
with protease inhibitors (Protease Inhibitor Mixture III, Cal-
biochem). The lysates were diluted 1:1 with phosphate-buff-
ered saline and NaCl was added to a final concentration of 150
mM. FLAG-Htt fusion proteins were immunoprecipitated from
a large amount of material (15-20 mg of total protein per
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immunoprecipitation) using anti-FLAG M2 affinity gel (Sigma)
according to the manufacturer’s protocol, followed by elution
with 100 wg/ml of FLAG peptide. Eluted proteins were further
purified by size-exclusion chromatography on a Superose-12
column (Amersham Biosciences) under denaturing conditions
(phosphate-buffered saline, 2 M guanidine hydrochloride, 5 mm
dithiothreitol) to disrupt Htt protein complexes. Collected
fractions were concentrated and purified using the PAGEprep
Advance kit (Pierce), and aliquots were analyzed by Western
blotting with an antibody to FLAG. Fractions containing the
cp-1/cp-2 fragments, or those containing only Htt-N511 were
loaded on the NuPAGE 4 -12% BisTris polyacrylamide gel, and
proteins were visualized with silver stain (SilverQuest kit,
Invitrogen) for subsequent mass spectrometric analysis.

In-gel Digestion of Htt Proteins—The bands, containing Htt
proteins were manually cut out for in-gel digestion and further
mass spectrometric analysis. The gel pieces were destained with
a 1:1 mixture of 30 mm potassium ferricyanide and 100 mm
sodium thiosulfate, rinsed 3 times with water, and incubated in
20 mM ammonium bicarbonate for 10 min, followed by dehy-
dration with acetonitrile. The whole cycle was repeated two
more times, and the gel pieces were then dried in a SpeedVac.
For in-gel digestion, gel pieces were incubated overnight at
37 °C with 10 ng/ul chymotrypsin (Roche), in 20 mm bicarbon-
ate. The peptides were extracted with 50% acetonitrile and 2%
formic acid (2 times). The extracts were pooled and evaporated
to dryness.

Mass Spectrometry of Htt Proteins: LC-MS/MS Analysis—
The peptides were analyzed using QSTAR Pulsar (Applied Bio-
systems-MDS Sciex) interfaced with an Eksigent nano-LC sys-
tem. Peptides were dissolved in 10 ul of 0.2% formic acid and 5
wl of the solution was loaded on a peptide trap and then sepa-
rated on a 360 X 75-um reverse-phase column packed with 10
cm of C18 beads (5 um, 120 A, YMC ODS-AQ, Waters) and a
10-um emitter tip (New Objective). The high pressure liquid
chromatography gradient was 5-40% B for 25 min (A, 0.1%
formic acid; B, 90% acetonitrile in 0.1% formic acid) and the
flow rate was 300 nl/min. Survey scans were acquired from m1/z
350-1200 with up to three precursors selected for MS/MS
using a dynamic exclusion of 30 s. Rolling collision energy was
used to promote fragmentation. The synthetic peptide
MDSNLPR was analyzed in nanospray mode using Protana
nanospray tips. The electrospray voltage was 900 V and MS/MS
spectra of ion 416.7 m/z were acquired for 3 min.

The MS/MS spectra were searched against NCBInr data base
for all species, with no enzyme and 2 missed cleavages using the
in-house Mascot server and Mascot Daemon as an interface.
Proteins with two peptides having scores higher than probabil-
ity threshold (usually 50) were considered good hits.

Western Blot Analysis, Immunoprecipitation, and Anti-
bodies—Polyclonal antibodies to Htt, htt-(55— 65) and htt-(81—
90), were described previously (7). Goat polyclonal antibody,
prepared against the N-terminal Htt exon-1 fragment was
described previously (33). Htt-(115-129) antibody (against res-
idues 115-129 of Htt) and Htt-(1-82) antibody (against resi-
dues 1-82 of Htt) were from Chemicon International. The
antibodies to the neo-epitope Arg'®” of Htt were produced in
rabbit and affinity purified against two synthetic peptides:
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Ac-CMDSNLPR-OH (NE167) and Ac-CGGGGNLPR-OH
(Covance). For Western blotting analysis, HEK293 cells,
expressing indicated constructs, were lysed (48 h after transfec-
tion) in M-PER buffer (Pierce) with protease inhibitors (Prote-
ase Inhibitor Mixture III, Calbiochem), and protein concentra-
tions were estimated using the BCA method (Bio-Rad). Lysates
were fractionated on NuPAGE 4-12% BisTris polyacrylamide
gels (Invitrogen), transferred to nitrocellulose membranes, and
probed with antibodies to Htt, FLAG (M2, Sigma), or actin
(Sigma) for loading control. For immunoprecipitation, HT22
cells (1 X 150 mm dish), transfected with the indicated con-
structs, were lysed in M-PER buffer (Pierce) with protease
inhibitors (Protease Inhibitor Mixture III). The lysates were
diluted 1:1 with phosphate-buffered saline, and NaCl was
added to a final concentration of 150 mm. Htt-FLAG fusion
proteins were immunoprecipitated using anti-FLAG M2 affin-
ity gel (Sigma) according to the manufacturer’s protocol, fol-
lowed by fractionation on NuPAGE 4—-12% BisTris polyacryl-
amide gels (Invitrogen), and detection with an antibody to exon
1 of Htt.

For cell fractionation in HEK293 cells, M-PER lysates were
centrifuged at 15,000 X g. Supernatants (soluble cytoplasmic
fractions) were fractionated on NuPAGE 4—-12% BisTris poly-
acrylamide gels (Invitrogen) or on native PAGE 4 —16% BisTris
gels (Invitrogen) according to the manufacturer’s protocol. The
pellets were resuspended in 2% SDS with Benzonase nuclease
(Sigma) and sonicated. The resulting suspensions were either
fractionated on SDS-PAGE (NuPAGE 4—-12%), or further cen-
trifuged at 15,000 X g to obtain the pellet of SDS-insoluble
aggregates, which was than treated with formic acid at 37 °C for
30 min, as previously described (30). Formic acid-soluble aggre-
gates were analyzed on SDS-PAGE as above. Immunoblots
were developed with peroxidase-conjugated secondary anti-
bodies (Amersham Biosciences), and enhanced chemilumines-
cence (ECL-Plus detection reagent, Amersham Biosciences).

Immunofluorescence—HEK293 or HT22 cells, expressing the
indicated constructs, were fixed (48 h after transfection) with
4% paraformaldehyde for 15 min, permeabilized with 0.5% Tri-
ton X-100 (Sigma) for 10 min, blocked in 10% normal goat
serum (Sigma) for 30 min, and incubated with monoclonal anti-
body to Htt epitope 115-129, and polyclonal antibody to the
neo-epitope Arg'®” of Htt, NE167 (1 h at room temperature),
followed by goat anti-mouse IgG FITC-conjugated (Vector),
and goat anti-rabbit Cy3-conjugated (Vector) secondary anti-
bodies (1 h at room temperature). Nuclei were stained with
4',6-diamidino-2-phenylindole (Vector). Microscopy was per-
formed using a Zeiss Axiovert 200M microscope equipped with
a X40 objective.

Htt Aggregation and Cell Viability Measurements—For eval-
uation of Htt aggregation, N2a or HT22 cells, expressing the
indicated Htt constructs, were stained with an antibody to
FLAG or Htt-(1-82) antibody, followed by anti-mouse IgG
FITC-conjugated antibody, and the aggregates were counted in
24-well plates in duplicate wells. 200 —400 cells were counted
for each construct. For cell viability assay, HT22 cells, grown in
24-well plates, were co-transfected with the indicated Htt con-
structs and luciferase reporter vector (pGL3-Control, Pro-
mega) in a ratio 20:1. 48 h after transfection cells from triplicate
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FIGURE 2. Expression and purification of Htt fragments in HEK293 cells. A, epitope mapping of the cp-1/
cp-2 fragments. Western blot of total cell extracts (30 ug/lane) from HEK293 cells transfected with either
N511-Htt constructs with different poly(Q) lengths, or cells transfected with empty vector (Mock). Htt-N511
and cp-1/cp-2 fragments (arrows) were detected with an antibody to residues 55-66 of Htt (left panel), with
antibody to residues 81-90 of Htt (middle panel), or with antibody to residues 115-129 of Htt (right panel).
HEK293 cells transfected with expanded Htt constructs produce fragments similar to the cp-1/cp-2 fragments
observed previously in PC12 cells (30). B, purification of the cp-1/cp-2 fragments for mass spectrometry. West-
ern blotting analysis of 1/10 aliquots of fractions from size chromatography of FLAG immunoprecipitates of
either Htt-N511-8Q (left panel), or Htt-N511-52Q (middle panel) are expressed in HEK293 cells. Htt proteins,
marked by arrows, were detected with antibody to FLAG. Indicated fractions containing either the cp-1/cp-2
fragments or in Htt-N511, were separated on SDS-PAGE, and stained with silver protein stain (right panel). Htt
bands (indicated with arrows) corresponding to cp-1/cp-2 fragments, and bands containing only Htt-N511

were excised from the gel for mass spectrometry.

wells were lysed in 200 ul of M-PER buffer (Pierce), and lucif-
erase activity was measured in 1/5 of the lysate using the Lucif-
erase Assay System (Promega) according to the manufacturer’s
protocol. For caspase 3 activation cytotoxicity assays, HT22
cells were transiently transected with the indicated Htt con-
structs. 24 h post-transfection, cells were cultured in the
absence of serum for an additional 8 h. Immunofluoresence of
Htt fragments and active caspase 3 was performed as described
above. Htt expression was detected using an antibody to resi-
dues 1-82 of Htt (Millipore), and active caspase 3 was detected
using anti-active caspase 3 antibody (Promega). Microscopy
was performed using a Zeiss Axiovert 200M microscope
equipped with a X40 objective. In total, more than 100 trans-
fected cells were counted per condition and the number of cells
expressing both htt and active caspase 3 were presented as a
percentage of the total number of htt positive cells.

RESULTS

HEK293 Cells, Ectopically Expressing Truncated Htt Produce
the cp-1 and cp-2 Fragments—To produce sufficient quantities
of the cp-1 and cp-2 fragments for mass spectrometry, portions
of normal and expanded Htt (N511-8Q and N-511-52Q) were
expressed in HEK293 cells. Because Htt-N511 does not contain
caspase cleavage sites, it may be cleaved into short N-terminal

10858 JOURNAL OF BIOLOGICAL CHEMISTRY

length Htt cleavage in HEK293 and
stable PC12 cells (30).

Purification of the cp-1 and cp-2
fragments for mass spectrometry
was carried out in two steps. In the
first step, FLAG-tagged Htt proteins
were isolated by immunoprecipita-
tion from HEK293 cell lysates using
FLAG-agarose and a large quantity
of starting material (15-20 mg of
total protein per immunoprecipita-
tion). Following elution with a
FLAG peptide, the proteins were further purified using size
exclusion chromatography. This step was performed under
denaturing conditions to disrupt Htt protein complexes and
enrich for the cp-1/cp-2 fragments (see “Experimental Proce-
dures”). Analysis of sizing column fractions by Western blot-
ting with an antibody to the FLAG demonstrated that the cp-1/
cp-2 fragments were enriched in fractions 26 through 28,
whereas Htt-N511 was predominantly found in fractions 23
and 24 (Fig. 2B, left panels). These fractions were then sepa-
rated on the gel and proteins were visualized with silver stain
(Fig. 2B, right panel). Htt bands corresponding to the cp-1 and
cp-2 fragments, as well as bands containing only Htt-N511,
were processed for mass spectrometry.

Detection of the Cp-2 Cleavage Site by Mass Spectrometry—
Following excision from the gel (Fig. 2B, right panel), Htt-8Q
and Htt-52Q protein bands, described above, were subjected to
in-gel digestion with chymotrypsin. The peptides were eluted
from the gel and processed by LC-MS/MS (see “Experimental
Procedures”) for peptide identification. Chymotrypsin cleaves
proteins after the following residues: phenylalanine, tyrosine,
tryptophan, methionine, leucine, and histidine. As result of our
experiments, we identified a number of Htt peptides produced
by chymotrypsin cleavage of the N511 band, and 2 peptides
resulting from digestion of the cp-2 band (Fig. 34, data shown
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FIGURE 3.Identification of the cp-2 cleavage site by mass spectrometry. A, peptide coverage obtained from chymotrypsin digest of huntingtin bands (N577
and cp-2). B, extracted ion chromatogram of MDSNPLR ion (m/z 416.7) and full spectrum at 17.7 min for fragment cp-2 (showing the presence of the peptide).
C, confirmation of sequence identification of peptide MDSNLPR (comparison of fragmentation spectra obtained from the cp-2 fragment, produced from
Htt-N511-8Q (top), and from synthesized peptide MDSNLPR (bottom)). The tables below show the matched fragments in bold. The two fragmentation spectra
are very similar, which confirms that the peptide detected in the cp-2 fragment digest is indeed MDSNLPR.

for Htt-8Q). One of these peptides, MDSNLPR, ending at argi- by an endogenous cleavage event. Furthermore, this peptide
nine (Arg'®” of Htt), cannot be generated by chymotrypsin and ~ was only detected in the digest of the cp-2 band (Fig. 3B). We
may represent the C terminus of the cp-2 fragment generated failed to detect MDSNLPR peptide in digests of the N511 band
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from fractions 26 to 28, or in fractions 23—-24 lacking any cp-1/
cp-2 fragments, even though the N511 band contains ~10
times more Htt protein than the band corresponding to the
cp-2 fragment. We found, however, four longer peptides pro-
duced by chymotrypsin digest of the N511 band within the
same region of Htt (Table 1). These data strongly suggest that
the cp-2 cleavage site is located at position Arg®” of Htt.
Because the Mascot score (41) for the MDSNLPR peptide
was below the 95% confidence threshold, we obtained addi-
tional confirmation of the peptide sequence: the MDSNLPR
peptide fragmentation spectrum from the digest of cp-2 was
compared with that of a synthetic peptide of the same sequence

(Fig. 3C). The two fragmentation spectra patterns and masses
matched closely, confirming that the peptide detected in the
cp-2 fragment digest is indeed MDSNLPR. The data shown
were generated for the cp-2 fragment derived from Htt-N511—
8Q. A peptide of the same mass and with the same retention
time was also detected in the digest of cp-2 derived from Hitt-
511-52Q (data not shown). However, we failed to detect any
Htt peptides indicative of potential cp-1 cleavage from trypsin
or chymotrypsin digests of either Htt-8Q or Htt-52Q bands
(data not shown).

Mapping of the Cp-2 Cleavage Site by Deletion Analysis—A
complementary approach was used to confirm the position of
the cp-2 cleavage, detected by mass spectrometry, and to fur-

TABLE 1 ther define the cp-1 site. Based on epitope mapping with Htt-
Huntingtin peptides identified around sequence MDSNLPR specific antibodies, the region for the potential cp-1 cleavage
N511band  Peptide score Cp-2 fragmentband Peptide score site should be located between residues 81 and 129 of Htt (Figs.
MgggigﬁiQ ég MDSNLPR 41 1 and 2A4), whereas the cp-2 cleavage site was mapped by mass
MDSNLPRLQL 37 spectrometry to position 167 of Htt. Therefore, the entire
MDSNLPRLQLELY 30 region of Htt from residue 81 to 170 was subjected to systematic
deletion analysis, with deletions of 4
A B to 5 amino acids per deletion
mutant. Htt-N511-52Q deletion
N511-52Q .

constructs were expressed in
Soe; B8o8R E 14 oo HEK?293 cells and analyzed by West-
oL AL ? P ern blotting with an antibody to the

— © S OO < O O © © © = <5 ] )
o<10 o<10 ST oo oo o2 5 FLAG epitope (Fig. 4, A and C, and
550 kD Z < data not shown). Deletion of residues
- | 150 167-170 (including Arg'®”) pre-
£= s i ot 100 vented the generation of cp-2 from
N511 — | __ s N511 Hitt-N511-52Q expressed in HEK293
5 (Fig. 4A) or mouse hippocampal
) ) HT22 (Fig. 4B) cells, confirming
CP2 | e o e o gy e [ e cp- . the mass spectrometry results. (It
cp-1 = :?“-- i e, I 25 cp-1— should be Eoted, howZver, that in
some experiments with the A167-
C N511-52Q N511-82Q 170 construct we observed very
D low levels of an alternative frag-
g S 9 g ment migrating more slowly than

© Y Q - 5 9 cp-2 (Fig. 5A).)

5 S 9 g & 5 The decreased levels of the cp-2
z Q4 <4 < <z found in SDS soluble fractions (Fig.
b e g 4A) were not due to a decrease in
250 — — e — NN g g ® solubility of cp-2 formed from the
150 © %0 @K~ 5 A167-170 mutant (see below). The
100 _ N511 x40z analysis of the SDS-insoluble
75 _-_- B . CP-2 material, treated with formic acid
b b cp-1 known to disrupt the aggregates,
50 — o2 e |« cp-2 showed the lack of immunoreac-
37— "'__-,'_—J<p— “H— cp-1 tivity for the A167-170 construct
*‘—’-?p? (Fig. 8B). This supports the con-
25 — ' clusion that reduced levels of cp-2
20 — shown on Fig. 44 are likely to

FIGURE 4. Mapping of the cp-2 cleavage site by deletion analysis. A, C, D, Htt constructs with indicated
deletions (A and C) or point mutations (D), or unaltered Htt with expanded poly(Q) (N511-52Q or N511-82Q)
were expressed in HEK293 cells, and Htt-FLAG fusion proteins (indicated by arrows) were detected by Western
blotting with an antibody to FLAG. B, Htt constructs with either A167-170 deletion or unaltered Htt with
expanded poly(Q) (N511-52Q) were expressed in neuronal HT22 cells, FLAG-Htt fusion proteins (indicated by
arrows) were immunoprecipitated with FLAG-agarose (~2 mg of protein per immunoprecipitation), and
detected with an antibody to exon 1 of Htt. Deletion of residues 167-170 greatly reduces generation of the cp-2

fragment from Htt-N511-52Q construct expressed in HEK293 or HT22 cells.
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reflect reduced cleavage of Htt.

In an attempt to confirm Arg'®’
as the cp-2 cleavage site, we have
also introduced point mutations of
the four residues within the 167-
170 region (Fig. 4D). None of the
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Arg"” of Htt—To further verify the
identity of the cp-2 fragment pro-
duced in our cell models, we gener-
ated two antibodies aimed for a spe-
cific recognition of the neo-epitope
generated following Htt cleavage at
position Arg'®” (see “Experimental
Procedures”). Both antibodies were
highly reactive to the N167 frag-
ment of Htt, had low cross-reactiv-
ity with the N171 fragment, and
failed to detect the N511 fragment
(Fig. 5A, right panel, data shown for
NE167 antibody). In addition, both
antibodies specifically recognized
the cp-2 fragment derived from Hitt-
N511-52 in HEK293 cells, and, as
expected, did not detect any frag-
ments of Htt A167—170 mutant.
Next we tested whether con-
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| 250 structs expressing a physiologically
— 150

relevant caspase 6 fragment of Htt
iE ;go can also produce cp-1 and cp-2 (Fig.
B 5B). We found that expression of
— Htt-N586 and Htt-N511 with dif-
- 37 ferent poly(Q) lengths (normal and
e 28 expanded) resulted in formation of
™ 20 cp-1 and cp-2 fragments. These

v,
//
8

Ab Htt ex1 NE167

Hitt ex1

NE167 fragments were present in the solu-

ble cytoplasmic fraction, as shown

FIGURE 5. Detection of the cp-2 fragment by a specific antibody to the neo-epitope Arg'®” of Htt in
HEK293 cells. A, Western blot of total cell extracts (30 ng/lane) from HEK293 cells transfected with the
indicated Htt constructs, or an empty vector (Mock). Truncated FLAG-Htt fusion proteins and cp-1/cp-2
fragments (marked by arrows) were detected with antibodies to FLAG (left panel). The Htt-N167-82Q
fragment migrates on a gel more slowly than the cp-2 fragment derived from Htt-N511-52Q, consistent
with the length of poly(Q). Antibody to Arg'®” neo-epitope detects the Htt-N167 fragment and the cp-2
fragment, has low cross-reactivity with the Htt-N171 fragment, and fails to detect Htt-N511 fragment or
any fragments of Htt-A167-170 (right panel, data shown for NE167 antibody). B, Western blot of total cell
extracts from HEK293 cells transfected with the indicated Htt constructs or an empty vector (Mock). Htt
proteins (indicated by arrows) were detected with an antibody to exon 1 of Htt (left panel, 20 g per lane).
The cp-2 fragments produced from Htt-N511 or Htt-N586 were specifically detected by an antibody to the
Arg'®’ neo-epitope (right panel, 40 ug/lane). Blots, shown in A and B, were re-probed with an antibody to
actin for loading control. C, Western blot of formic acid-soluble aggregate fractions from HEK293 cells
transfected with indicated constructs or an empty vector (Mock). Htt fragments were detected with
antibodies to exon 1 (left panel) or to the Arg'®” neo-epitope (right panel) of Htt.

by detection with an antibody to
exon 1 of Htt (Fig. 5B, left panel).
The cp-2 fragments were also spe-
cifically detected with an antibody
to the Arg'®” epitope (Fig. 5B, right
panel). The levels of N586/N511
and cp-1/cp-2 htt fragments found
in the SDS-soluble fraction de-
creased with an increase in poly(Q)
tracts, probably due to an increase
in aggregation of htt proteins with

single mutations on its own completely eliminated the
production of the cp-2. However, Arg'®’-Ala substitution
caused a substantial decrease in the levels of cp-2. Leu'®®-Ala
substitution also decreased cleavage and led to generation of an
alternative fragment (migrating slightly slower than the cp-2).
This is consistent with the observation that many proteases
recognize in their substrates a three-dimensional epitope com-
posed of several residues, and the deletion of the whole cleavage
region may be required to completely block the cleavage at cer-
tain sites. Surprisingly, none of the deletions across the region
seem to significantly affect formation of the cp-1 fragment (Fig. 4,
A and C, and data not shown).

The Cp-2 Fragment Generated in HEK293 and Neuronal
HT22 Cells Is Detected by a Specific Antibody to the Neo-epitope

APRIL 17,2009+VOLUME 284 -NUMBER 16

the longer poly(Q) expansions. To
test this hypothesis we transfected
HEK293 cells with normal and
expanded N586 constructs and isolated insoluble material 48 h
after transfection. The insoluble fractions were then treated
with formic acid to disrupt SDS-insoluble Htt aggregates. Anal-
ysis of this material by Western blotting with an antibody to Htt
exon 1 demonstrated that cp-1/cp-2-like fragments, derived
from expanded poly(Q) Htt, were enriched in the aggregate
fraction (Fig. 5C, left panel). Furthermore, an increase in accu-
mulation of N586 and cp-1/cp-2 fragments was observed with
longer poly(Q) repeats. However, analysis of this material with
an Arg'®” neo-epitope antibody showed decreased levels of
cp-2 with an increased poly(Q) length. These data suggest that
the cp-2 fragment ending at Arg'®” may represent one com-
ponent of Htt-586-derived aggregates, with other expanded
Htt fragments of similar length making up for the observed
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FIGURE 6. Immunofluorescent detection of the cp-2 fragment by a specific antibody to the neo-epitope
Arg'®” of Htt. HEK293 (A) or HT22 (B) cells were transfected with indicated Htt constructs. Epitope between
residues 115-129 of Htt is shown in green (FITC); Arg'®” neo-epitope is shown in red (Cy 3); the nuclear staining
(4’ ,6-diamidino-2-phenylindole) is shown in blue. Yellow staining in merged images (marked by arrows) dem-
onstrates the presence of cp-2.
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increase. Another possibility is
that incorporation of cp-2 into
SDS-insoluble aggregates masks
the Arg'®” epitope, resulting in
poor detection by the neo-epitope
antibody.

Next, subcellular localization of
the cp-2 (N167) fragments was
investigated by immunofluores-
cent microscopy (Fig. 6). HEK293
cells transfected with normal and
expanded Htt-N511 and Htt-N568
constructs were co-stained with
Htt peptide antibody 115-129
(green) and the antibody to Arg'®”
neo-epitope (NE167, red). Diffuse
cytoplasmic staining representing
soluble Htt was observed with
both antibodies in cells expressing
normal poly(Q) length Htt (Fig.
6A, two top panels). In contrast,
cp-2 generated in HEK293 cells
expressing expanded Htt formed
mostly cytoplasmic inclusions.
The presence of cp-2 in these cells
is highlighted by the yellow stain-
ing in the merged images (Fig. 64,
right panels).

Detection of cp-1 and cp-2 frag-
ments in neuronal HT22 cells was
difficult due to a low transfection
efficiency (~10% compared with
~90% in HEK293 cells), and possi-
bly a lower extent of Htt cleavage
(Fig. 4B). We, therefore, failed to
detect cp-2 in HT22 cell lysate by
Western blotting with Htt neo-
epitope antibody NE167. However,
the same antibody used in immuno-
fluorescence recognized cp-2 in the
form of cytoplasmic aggregates in a
small percentage of transfected
HT22 cells expressing expanded Htt
(Fig. 6B, red and yellow staining).
Cp-2 fragment derived from normal
length poly(Q) Htt was not detecta-
ble in HT22 cells by the same
method. As predicted, cp-2 was also
not detected in cells transfected with a
Htt internal deletion construct lack-
ing amino acids 167-170 (Htt-A167—
170, data not shown).

Htt N-terminal Fragments of Spe-
cific Size Have Different Aggregation
and Toxic Properties—To investi-
gate a possible effect of the cp-2
fragment on aggregation and toxic-
ity we used two mouse neuronal cell
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FIGURE 7. Alteration of cp-2 cleavage site results in an increase in aggre-
gation of Httin neuronal cells. A, aggregate formation in HT22 cells express-
ing either Htt-N511-52Q or Htt-N511-52Q-A167-170. Cells were labeled
with an antibody to FLAG, followed by anti-mouse FITC-conjugated antibody.
B, aggregate formation in N2a and HT22 cells expressing Htt-N511-8Q, Htt-
N511-52Q, or Htt-N511-52Q-A167-170. Cells were labeled with Htt-(1-82)
antibody, followed by anti-mouse FITC-conjugated antibody and the aggre-
gates were counted in 24-well plates in ~200-400 cells for each construct
(n=2,%p=0.02N511-52Q versus N511-52Q-A167-170 for N2a cells; **,n =
3,p = 0.07 N511-52Q versus N511-52Q-A167-170 for HT22 cells). One rep-
resentative experiment of two is shown.

0

Percentage of transfected cells with

lines: N2a neuroblastoma and hippocampal HT22 cells. The
aggregate formation was evaluated in both cell lines, expressing
Htt-N511-8Q, Htt-N511-52Q, or Htt-A167-170 with altered
cp-2 sites. Transfected cells were analyzed 48 h following trans-
fection by immunofluorescent microscopy with an antibody to
the FLAG or to the 1-82 epitope of Htt. Aggregates of Hitt-
N511-52Q were observed in ~5% of transfected N2a cells, and
in about 30% of transfected HT22 cells. Interestingly, deletion
of the cp-2 cleavage site (Htt-N511-52Q-A167-170) led to a
robust increase in aggregation in both cell lines (Fig. 7B). How-
ever, the aggregates formed from the A167-170 construct
appeared morphologically different from N511-52Q aggregates
(Fig. 7A, data shown for HT22 cells).

To assess biochemical properties of Htt proteins formed
from different constructs, the lysates of transfected HEK293
cells were fractionated as shown on Fig. 84 (see “Experimental
Procedures”), and the fractions were analyzed by Western blot-
ting with an antibody to exon 1 of Htt (Fig. 8B). Similar to N586
constructs (Fig. 5C), cp-1/cp-2-like fragments, derived from the
expanded poly(Q) Htt-N511, were enriched in the aggregate
fraction solubilized with formic acid, with an increase in accu-
mulated fragments with longer poly(Q) repeat lengths (Fig. 8B,
panel 4). However, as described above, the lack of immunore-

APRIL 17,2009+VOLUME 284 -NUMBER 16

activity was observed for the N511-52Q-A167-170 construct
following formic acid treatment. This construct also produced
less SDS-insoluble material detected on the top of the gel, when
M-PER-insoluble pellet fractions were analyzed on SDS-PAGE
(Fig. 8B, panel 3). This indicates that the aggregates formed in
cells expressing poly(Q)-expanded Htt-A167-170 are more
soluble in SDS, than those formed from non-altered Htt. In
addition, new high molecular weight soluble complexes of Htt-
N511-52Q-A167-170 were detected on native PAGE (Fig. 8B,
panel 1). These data suggest that the expanded Htt with the
deleted cp-2 site may acquire altered conformation with differ-
ent biochemical properties, and may form unusual protein
interactions.

Next, we examined how alteration of the cp-2 site affects
HT22 cell viability (Fig. 9). Because of the low efficiency of
transfection of HT22 cells, we used the viability assay based on
a co-transfection of luciferase and Htt constructs. This method
has been previously established and is widely used for evalua-
tion of cell death (34 —37). Because luciferase is only expressed
in transfected cells and because it is rapidly degraded following
cell death, its levels can be used as a measure of transfected cell
viability. As expected, cells expressing expanded Htt-N511—
52Q were less viable than cells transfected with normal Htt-
N511-8Q. Deletion of the cp-2 site almost completely amelio-
rated expanded Htt-N511-induced cell toxicity. These data
indicate that the cp-2 fragment derived from expanded Htt-
N511 is toxic to cultured HT22 cells.

To extend these findings, we have compared toxic and aggre-
gation properties of individually expressed Htt fragments of
different lengths including N167 (Fig. 10). As shown by the
luciferase-based viability assay, an expanded Htt construct
analogous to cp-2 (N167-82Q) was nearly as toxic as a shorter
Htt-N90-82Q Htt fragment (corresponding to Htt exon 1),
when expressed in HT22 cells (Fig. 10B). In contrast, the N117-
82Q-Htt fragment (also known as shortstop), previously
observed to be not pathogenic in a transgenic mouse model
(32), had a only mild effect on HT22 cell viability (Fig. 10B).
Similar results were obtained using caspase 3 activation as a
measure of cytotoxicity: HT22 cells expressing Htt fragments
were co-stained with an antibody to the active caspase 3 and an
antibody to Htt, and caspase 3 positive cells expressing Htt were
counted (Fig. 10C).

In relation to aggregation, we found that HT22 cells express-
ing N117-82Q formed ~30-40% more aggregates than cells
expressing either N167-82Q or N171-82Q (data not shown).
Thus, our data support the idea that Htt fragments of specific
size may contribute differently to Htt-induced toxicity.

DISCUSSION

The nature of the toxic Htt fragments relevant to HD patho-
genesis remains unknown. Multiple reports support the role of
Htt proteolysis in the pathogenic cascade (3—18); however, it is
not clear where expanded Htt is cleaved within its N terminus
(N-terminal to the caspase 6 site) to contribute to its toxicity.
We applied multiple approaches to map the exact sites of pro-
teolysis producing short N-terminal fragments of Htt. Based on
mass spectrometry of Htt proteins and deletion analysis of Htt
constructs, we found the cp-2 site at position Arg'®’. Although
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chymotrypsin digest of the cp-2
fragment band but not in the band
corresponding to N511, despite the
fact that the N511 band contains
10-fold more protein (Table 1). The
identity of this peptide was further
confirmed by comparison of its
fragmentation spectrum to that of a
synthetic peptide of the same
sequence (Fig. 3C). This evidence
strongly suggests that Htt under-
goes endoproteolysis at position

NativePAGE SDS-PAGE SDS-PAGE Incubate pellet
(soluble (Htt monomers) (SDS-insoluble in formic acid Arg'®” in HEK293 cells.

complexes) material on top 30 minat379C However, the mass spectrometry
of tgel) approach employed here has some
Formic acid limitations in detecting potential
SOIUb;faigg;egate cleavage sites in Htt. For example, this
approach has not yet been useful for
detection of the cp-1 site. The proba-
B IS e ,9 bility of detecting specific peptides is
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b b = NI biochemical characteristics, both of
o999 0999 5929¢ % which can influence ionization effi-
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B | — 1236 e - z =z = = sequence within the region of poten-
250 | 250 tial N-terminal cleavage sites (Fig.
. — 720 — 138 - — 150 3A). The possible peptides resulting
‘ | o :ig Pa— — & ‘ %* (— 100 from trypsin or chymotrypsin cleav-
’ - - 146 — o~ 75 - — 75 age between residues 81 and 105 of
- _ _ Htt are too short to be identified by
— % L 23 . 50 mass spectrometry. This fact may
o - explain our inability to map the pre-
— 25 — 25 cise cp-1 site using this method.
Future studies aimed at providing a
1 2 3 4 more complete coverage of the Hitt

FIGURE 8. Alteration of cp-2 cleavage site changes biochemical properties of Htt protein. A, the procedure
used to fractionate and dissociate Htt proteins (see “Experimental Procedures”). B, Western blots of subcellular
fractions from HEK293 cells transfected with the indicated constructs: 7, native PAGE of soluble cytoplasmic
fractions; 2, SDS-PAGE of soluble cytoplasmic fractions; 3, SDS-PAGE of the pellet, with SDS-insoluble material
detected on top of the gel; 4, SDS-PAGE of formic acid-soluble aggregate fractions. Htt fragments were
detected with antibodies to exon 1. ¥, minimal immunoreactivity is observed for Htt-N511-52Q-A167-170
following formic acid treatment. **, less SDS-insoluble material is detected for the A167-170 mutant than for
unaltered N511-52Q. ***, new high molecular weight soluble complexes are detected for Htt-N511-52Q-

A167-170 in native conditions.

we failed to determine the exact position of the cp-1 site,
epitope mapping with Htt-specific antibodies allowed us to
locate it to the region between residues 81 and 129 of Htt. In
HEK293 and neuronal HT22 cells, the cp-2 fragment can be
detected by a specific antibody to the Arg"®” neo-epitope. Alter-
ation of this site leads to a reduction in toxicity and an increase
in aggregation in neuronal cells. Collectively, these results dem-
onstrate that Htt can be endogenously cleaved at position
Arg'®’, and that this proteolytic step may be relevant to Htt-
induced pathogenesis.

The analysis using mass spectrometry identified a fragment
corresponding to the cp-2 site with a C terminus at residue
Arg'®” of Htt. The peptide MDSNLPR was detected following

10864 JOURNAL OF BIOLOGICAL CHEMISTRY

sequence in the region of interest will
involve using different enzymes for
in-gel digestion of Htt fragments,
such as Asp-N endopeptidase.
Mutagenesis has been widely
used for mapping of cleavage sites.
However, this method did not allow
us to locate the cp-1 site. One possi-
ble explanation is that many proteases (e.g. calpains) recognize
in their substrates a three-dimensional epitope composed of
several amino acids that may be positioned apart from each
other (38, 39). Thus deletions of short linear stretches of 4 -5
residues may not be sufficient to prevent proteolysis by certain
proteases. Another consideration is that mutations and dele-
tions of the Htt sequence may facilitate cleavage at alternative
sites that are normally not favorable within the context of wild
type Htt. This also seems to be the case with the internal dele-
tion of the cp-2 site (A167-170): although this alteration pre-
vents production of the cp-2 fragment, a slower migrating alter-
native fragment not recognized by the cp-2 neo-epitope
antibody was detected in some experiments. It is also possible
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FIGURE 9. Alteration of cp-2 cleavage site results in a decrease in toxicity
of Htt protein in neuronal cells. A, cell viability (measured by luciferase
assay, see “Experimental Procedures”) of HT22 cells, expressing the indicated
Htt constructs co-transfected with the luciferase construct (n = 3, **, p =
0.018 N511-52Q versus N511-52Q-A167-170). One representative experi-
ment of three for each set of constructs is shown. B, the expression levels of
the indicated constructs were verified by Western blotting with an antibody
to FLAG.

that endoproteolytic cleavage occurs at other amino acids near
Arg'®”, and that the apparent cp-2 band contains several frag-
ments differing by just a few amino acids.

The relevance of caspase 6-mediated cleavage of Htt (at posi-
tion 586) to Htt pathology has been demonstrated in vivo (25).
We find that the cp-1 and cp-2 fragments may be generated
from either N511 or N586 fragments of the expanded Htt (Fig.
5B). Further in vivo experiments will be designed to establish a
possible relationship between caspase 6-mediated cleavage of
Htt, and its N-terminal proteolysis that may produce poten-
tially toxic cp-1 and cp-2 fragments.

Transgenic mouse models of HD generally indicate that
shorter expanded Htt fragments cause more severe phenotypes
(15-18). However, a short N-terminal fragment of Htt, N117,
expressed by shortstop mice, did not produce an HD phenotype
(32). This suggests that the specific size of the fragments, rather
than overall length, may determine their toxic potential in HD.
We used a cell viability assay to directly compare the toxicity of
expanded Htt fragments corresponding in size to those previ-
ously used in truncated Htt mouse models. Our results are con-
sistent with mouse phenotypes, and demonstrate that the
exon 1 Htt (R6/2 mice) (15) and N171 fragments (N171-82Q
mice) (16) are toxic when expressed in neuronal HT22 cells.
In contrast, the expanded shortstop N117 fragment was non-
toxic to HT22 cells. The cp-2 (N167-82Q) fragment of Htt
appears to be comparable in toxicity to exon 1 and N171 Htt
fragments (Fig. 10, B and C). Furthermore, deletion of the
cp-2 site from Htt-N511-52Q ameliorates the toxicity of this
construct (Fig. 94). Thus, exact mapping of the cp-2 site
allowed us to evaluate the effect of alteration of this site on
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FIGURE 10. Htt N-terminal fragments of specific size have different toxic
properties. A, Western blot of total cell extracts from HT22 cells transfected
with the indicated Htt constructs. Htt proteins were detected with an anti-
body to exon 1 of Htt. B, cell viability, measured by luciferase assay (see
“Experimental Procedures”) of HT22 cells, expressing the indicated Htt con-
struct co-transfected with the luciferase construct (n = 3,*,p = 0.016 N117-
82Q versus N171-82Q, p < 0.05 for all normal repeat versus expanded repeat
constructs). One representative experiment of three for each set of constructs
is shown. C, cytotoxicity, measured by caspase 3 activation (see “Experimental
Procedures”) of HT22 cells, expressing the indicated Htt construct. Results are
presented as a percentage of Htt positive cells co-expressing active caspase 3
(n = 2,0ver 100 cells were counted for each condition, **, p < 0.05N117-82Q
versus N171-82Q). One representative experiment of two is shown.

Htt-induced toxicity, suggesting that this cleavage event
could in part mediate toxicity in neuronal cells.

Although deletion of the cp-2 cleavage site from Htt-N511
prevented generation of the cp-2 fragment, it also resulted in an
increase in Htt-N511 aggregation (Fig. 7, A and B). One possible
explanation for these findings is that internal deletion of resi-
dues 167-170 alters the conformation of the Htt-N511 protein,
making other potential proteolytic sites more accessible. Htt
fragments generated from such alternative cleavage events may
have different biochemical properties (Fig. 8) resulting in an
increase in large Htt aggregates observed by immunofluores-
cence (Fig. 7, A and B). An increase in the formation of large
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aggregates might be expected to decrease toxicity (40, 41), and
could explain the increase in cell viability in cells expressing
A167-170 (Fig. 9A4). A moderate increase in aggregation was
also observed in HT22 cells expressing a nontoxic shortstop
N117 fragment (compared with cells expressing either N167 or
N171 Htt). This is consistent with the large number of inclu-
sions found in the brain of shortstop mice, and supports the
idea that inclusions formed in HD neurons might be
neuroprotective.

Short N-terminal fragments have been consistently observed
in a variety of cell lines: NG108-15 (5), mouse striatal cells (42),
PC12 (30), HEK293 and HT22 cells (this report), as well as
mouse models and human HD postmortem material. These
data are all consistent with a role for proteolytic cleavage in
generation of toxic fragments of expanded Htt. In this study we
have defined one such fragment, cp-2, produced by Htt cleav-
age at position Arg'®”. Analysis of cp-2 cellular distribution by
immunofluorescence demonstrated that in both HEK293 and
neuronal HT22 cells this particular fragment comprises only a
portion of the aggregates (Fig. 6). Similar data were obtained
using biochemical analysis: formic acid-soluble aggregate frac-
tions from HEK293 cells showed the presence of multiple cp-1
and cp-2-like fragments of similar size, detected with an anti-
body to exon 1 of Htt. The N167 fragment appears to be one
component of this fraction (Fig. 5C). Taken together, these
observations indicate that multiple cleavage events may yield
different fragments of expanded Htt, accumulating in nuclear
and cytoplasmic inclusions. Another possibility is the loss of
Arg'®” epitope accessibility, and therefore poor detection of the
expanded N167 fragment due to its increased aggregation.

Thus, Htt N-terminal proteolysis appears to be a heteroge-
neous process, generating fragments of several different
lengths. Another example of heterogeneous cleavage in neu-
rons is the processing of amyloid precursor protein by y-secre-
tase, which produces several forms of amyloid B peptide
(including AB40 and AB42). The importance of these peptides,
especially Ap42, for Alzheimer disease pathogenesis has
prompted therapeutic approaches for Alzheimer disease to focus
on specific elimination of A 342 either by inhibiting its production,
or inducing its clearance (43). Htt cleavage variability may result
from specific cell types and environments and possibly is mediated
by differential post-translation modifications of Htt. Although
challenging, it is essential to understand if such variability occurs
in vivo, and to characterize the underlying proteolytic pathways,
which may produce specific therapeutic targets for HD.
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