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Huntingtin (Htt) is a protein with a polyglutamine stretch in
the N-terminus and expansion of the polyglutamine
stretch causes Huntington’s disease (HD). Htt is a multiple
domain protein whose function has not been well charac-
terized. Previous reports have shown, however, that post-
translational modifications of Htt such as phosphorylation
and acetylation modulate mutant Htt toxicity, localization,
and vesicular trafficking. Lysine acetylation of Htt is of
particular importance in HD as this modification regulates
disease progression and toxicity. Treatment of mouse
models with histone deacetylase inhibitors ameliorates
HD-like symptoms and alterations in acetylation of Htt
promotes clearance of the protein. Given the importance
of acetylation in HD and other diseases, we focused on
the systematic identification of lysine acetylation sites in
Htt23Q (1–612) in a cell culture model using mass spec-
trometry. Myc-tagged Htt23Q (1–612) overexpressed in
the HEK 293T cell line was immunoprecipitated, sepa-
rated by SDS-PAGE, digested and subjected to high per-
formance liquid chromatography tandem MS analysis.
Five lysine acetylation sites were identified, including
three novel sites Lys-178, Lys-236, Lys-345 and two pre-
viously described sites Lys-9 and Lys-444. Antibodies
specific to three of the Htt acetylation sites were pro-
duced and confirmed the acetylation sites in Htt. A mul-
tiple reaction monitoring MS assay was developed to
compare quantitatively the Lys-178 acetylation level be-
tween wild-type Htt23Q and mutant Htt148Q (1–612). This
report represents the first comprehensive mapping of
lysine acetylation sites in N-terminal region of
Htt. Molecular & Cellular Proteomics 10: 10.1074/mcp.
M111.009829, 1–13, 2011.

Huntington’s disease (HD)1 is a hereditary neurodegenera-
tive disorder characterized by unrestrained movements, emo-

tional disturbances, and psychological deterioration (1). HD
patients suffer neuronal degeneration in the striatum and fron-
tal and temporal cortex (2). HD is caused by the expansion of
a polyglutamine (polyQ) stretch within the huntingtin protein
(Htt). Under normal conditions, Htt is a protein with a polyQ
stretch containing 2–34 repeats whereas the disease form of
Htt has a polyQ repeat length longer than 36–37. Mechanisms
of toxicity for mutant Htt include proteolytic cleavage by pro-
teases such as caspase to produce toxic fragments, impaired
vesicular transport, and altered transcription by binding with
specific transcription coactivators and transcription factors
(3–13).

Previous studies show that Htt undergoes post-transla-
tional modifications (PTMs), which are associated with alter-
ations in localization or conformation of Htt and regulate
mutant Htt toxicity (14–17). For example, phosphorylation of
Htt at Ser-421 by protein kinase Akt1 can protect striatal
neurons against mutant Htt-induced toxicity (18). We previ-
ously completed an analysis by MS of the phosphorylation of
full-length Htt identifying numerous phosphorylation sites
throughout the 3144 amino acid sequence of Htt. One of the
sites was the phosphorylation at Ser-536, which blocked Htt
calpain proteolysis and toxicity (14, 19, 20). In addition, lack of
phosphorylation at serine-1181 Ser-1181 and Ser-1201 and
serine-1201 by cyclin-dependent kinase 5 (Cdk5) leads to
toxicity and accelerated neuron death (21, 22). Other PTMs
such as SUMOylation (23) and ubiquitination (24) occur in Htt
and alter cellular toxicity and turnover.

Acetylation is a covalent reaction in which an acetyl group
is introduced to the free amino group of the protein N-terminus
or the !-amino group of lysine residues. Similar to phosphor-
ylation, acetylation is reversible and highly regulated by his-
tone acetyltransferases and histone deacetylases (HDACs)
(25–28). Because lysine acetylation in proteins is involved in
many biological functions including transcriptional regulation
(29–31), apoptosis (32–34), energy metabolism (35), and
DNA-related activities (36–44), there is increasing interest in
exploring protein acetylation in vitro and in vivo. As compared
with phosphorylation, lysine acetylation of substrates in mam-
malian systems generally have less specificity for the residues
surrounding acetyllysine residues making predictions of
acetylation sites less reliable (35, 45). To date the only estab-
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lished preferences are that mitochondrial substrates with his-
tidine and tyrosine at the !1 position and sites found on
protein surfaces (35, 45). Thus, the identification of acetylation
sites in proteins requires analytical techniques such as MS.

Imbalance in protein acetylation is particularly relevant to a
wide range of neurodegenerative diseases including HD and
modulating acetylation levels represents a therapeutic target
for treatment of these diseases. For example, treatment with
HDAC inhibitors improves neurological performance and at-
tenuates disease phenotypes in mouse models of polyglu-
tamine expansion diseases including HD, amyotrophic lateral
sclerosis, and Parkinson disease (46–51). The proposed
mechanism for this therapeutic benefit is through correction
of transcriptional dysregulation via altered histone acetylation.
However, additional mechanisms such as changes in the
acetylation status of the Huntington’s disease protein Htt itself
or other protein targets may be relevant.

Different technologies have been applied to the discovery
of lysine acetylation in proteins. Radiolabeling and immuno-
detection are among the most popular methods and have
facilitated identification of many acetylated proteins (52–55).
However, neither approach provides information on the num-
ber and exact site of acetylation. In recent years, mass spec-
trometry has become a powerful tool in detecting protein
PTMs including acetylation (56–62). Acetylated peptides can
be distinguished from their unmodified forms by a character-
istic mass shift of !42.0106 Da, although trimethylation of
lysines has a similar mass shift of !42.0470 Da. Tandem
mass spectrometry provides sequence information and can
locate the acetylation sites. Moreover, tandem mass spectra
of acetylated peptides reveal highly specific immonium ions at
m/z 143.1 and 126.1 that can be used as “reporter” ions
indicating acetylated lysine residues (8, 63–65) as well as
differentiating this modification from trimethylation (66). The
application of mass spectrometry can also accelerate the
analysis of lysine acetylation. Previous mass spectrometric
analyses have in part focused on specific target proteins,
such as histones (67, 68) and p53 (69). But recently lysine
acetylation studies have been extended to investigate diverse
cellular proteins (45, 70) and whole organism proteomes (35).

Here we report mass spectrometric analysis of acetyllysine
in a disease-relevant truncated N-terminal form of Htt. Myc-
tagged Htt23Q (with a polyQ length of 23) and Htt148Q (with
an expanded polyQ length of 148) containing amino acids
1–612 were immunoprecipitated from mammalian cell ly-
sates, and subjected to nano-liquid chromatography-electro-
spray ionization tandem MS (LC-ESI-MS/MS) analyses after
in-solution digestion with several proteases. In all, five lysine
acetylation sites of Htt23Q (1–612) and Htt148Q (1–612) were
identified by MS/MS in this study and antibodies against
these sites were generated. Further, a multiple reaction mon-
itoring (MRM) MS method was developed to compare the
Lys-178 acetylation levels between wild-type Htt23Q and mu-
tant Htt148Q (1–612).

EXPERIMENTAL PROCEDURES

Site-directed Mutagenesis—Site-directed mutagenesis of the Htt
constructs pTet-c-Myc-Htt23Q and pTet-c-Myc-Htt148Q (20) was
performed using the QuikChange kit (Stratagene, La Jolla, CA) using
the following primers: a double stop was inserted after amino acid
612, forward, 5"-CCACAGGTA-TTCTTCCTTAGTAAG-CCTCGGAG-
GCCTTCAGG-3", reverse, 5"-CCTGAAGGCC-TCCGAGGCTTAC-
TAA-GGAAGAATACCTGTGG-3". PCR was performed using 15 or 25
ng of DNA, 5 "l of 10X Pfu buffer (Stratagene), 2.5 "l of dimethyl
sulfoxide, 0.2 mM dNTPs (Roche Molecular Biochemicals), 125 ng
each of forward and reverse primers (Integrated DNA Technologies,
Coralville, IA), 3 "l of Quick Change Solution (Stratagene), and 1 "l
Pfu Turbo Polymerase (Stratagene) at 95 °C for 1 min, 16 cycles at
96 °C for 50s, 55 °C for 1 min, and 65 or 68 °C for 45 min, and 68 °C
for 10 min. Plasmids were DpnI (Stratagene)-treated, transformed into
XL1-Blue Supercompetent cells (Stratagene), and purified using the
Qiagen Plasmid Mini Kit. Mutations, CAG repeat length, and construct
integrity were confirmed by DNA sequencing. Mutated constructs of
pTet-c-myc-Htt23Q (1–612) and pTet-c-myc-Htt148Q (1–612) with
the stop codon after amino acid 612 were used for these studies.

Cell Culture and Transfection—HEK 293T cells were grown in Dul-
becco’s modified Eagle’s medium with 10% fetal bovine serum. Htt
constructs pTet-c-myc-Htt23Q (1–612), pTet-c-myc-Htt148Q (1–
612), Htt15Q (1–1212), Htt138Q (1–1212), or vector control were
transfected into HEK 293T cells with Superfect (Qiagen, Valencia, CA)
according to the manufacturer’s instructions (4). Serum was with-
drawn from the medium 24 h before harvesting to reduce protein
contamination for mass spectrometric analysis. The cells were treated
with a HDAC inhibitor mixture containing 50 "M trichostatin A (from a
50 mM stock solution in ethanol, Sigma); 30 "M sodium butyrate (from
a 55 mM aqueous stock solution, Sigma) and 30 mM nicotinamide
(from a 1 M aqueous solution, Sigma) for 4 h before harvesting. The
HDAC treated cells were harvested 48 h after transfection.

Immunoprecipitation and Western Blot Analysis—Harvested cells
were lysed with Mammalian Protein Extraction Reagent (M-PER,
Pierce) lysis buffer with protease inhibitors (Mini Complete, Roche)
and HDAC inhibitors as described above. Lysates were sonicated 5
times with a 3-s pulse and spun at 16000 # g for 20 min to remove
debris. Protein concentration was determined with BCA Protein As-
say Kit (Pierce). HEK 293T cell lysates with either c-myc-Htt23Q
(1–612), pTet-c-myc-Htt148Q (1–612), or vector control were incu-
bated with immobilized anti-c-Myc agarose beads (Pierce) overnight.
The beads were washed with Tris-buffered saline/Tween 20 (TBST)
(25 mM Tris, 0.15 M NaCl, pH 7.2 ! 0.05% Tween-20, Pierce) and 10
mM Tris, pH 7.4, respectively. Htt was eluted with M-PER buffer
containing 10 mg/ml c-Myc peptide (Anaspec), 200 mM NaCl and
0.1% Nonidet P-40 (Sigma). Immunoprecipitated samples were dia-
lyzed in TBST and 25 mM NH4HCO3 sequentially, and then applied to
a clean-up procedure using a two-dimensional clean-up kit (Amer-
sham Biosciences). The resulting pellet was dissolved in appropriate
amount of SDS-PAGE loading buffer, depending on the size of the
pellet, and run on a NuPAGE 4–12% BisTris gel (Invitrogen, Carlsbad,
CA) in 3-(N-morpholino)propanesulfonic acid (MOPS) running buffer
(Invitrogen) for 80 min at 200V. Typically 10% of the sample was used
for Western blotting and the rest of the sample was used for mass
spectrometric analysis.

Custom antibodies (Open Biosystems) were produced by injecting
synthesized peptides (supplemental Table S1) corresponding to the
acetylated lysine sites into rabbits. The day 58 postimmunization
bleeds were collected. Serum was tested for signal by Western blots.
Those with positive results were purified by affinity binding using
immobilized peptides (supplemental Table S1) and stored for use.

In-gel Proteolytic Digestion—Bands containing Htt were excised
from the one-dimensional SDS-PAGE gels and subsequently
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destained and dehydrated with acetonitrile. For trypsin and Asp-N
digestion, proteins were reduced with 10 mM dithiothreitol (Sigma) in
25 mM NH4HCO3 at 56 °C for 1 h and alkylated with 55 mM iodoac-
etamide (Sigma) in 25 mM NH4HCO3 at room temperature for 45 min.
The samples were then incubated with 100–200 ng sequencing grade
trypsin (Promega) or Asp-N (Roche) at 37 °C for 16–18 h. For the
chymotrypsin (Roche) digestion, dithiothreitol was dissolved in a 25
mM NH4HCO3 solution containing 4 M guanidine hydrochloride
(Sigma) in the reduction/denaturation step. After alkylation, the sam-
ples were incubated with 100–125 ng chymotrypsin at 25 °C for
16–18 h. The peptides were subjected to aqueous extraction (H2O)
and hydrophobic extraction (50% acetonitrile, 5% formic acid) and
concentrated under vacuum to a 10–15 "l final volume.

Quadrupole Time-of-Flight Mass Spectrometric Analysis of Pep-
tides—Mass spectra of peptides generated after proteolytic digestion
of Htt were acquired by reverse-phase nano-high performance liquid
chromatography (HPLC)-ESI-MS/MS using an Eksigent nano-LC
two-dimensional HPLC system (Eksigent, Dublin, CA) that was di-
rectly connected to a quadrupole time-of-flight (QqTOF) QSTAR Elite
mass spectrometer (AB SCIEX, Concord, Canada). Briefly, an aliquot
of digested peptide mixture ($2 "l at a concentration of 1 "g/"l) was
loaded onto a guard column (C18 Acclaim PepMap100, 300 "m
I.D. # 5 mm, 5 "m particle size, 100 Å pore size; Dionex, Sunnyvale,
CA) and washed with the loading solvent (98% solvent A, 2% solvent
B, flow rate: 20 "l/min) for 5 min where solvent A consisted of 0.1%
formic acid in 98% H2O, 2% acetonitrile and solvent B consisted of
0.1% formic acid in 98% acetonitrile, 2% H2O. Subsequently, sam-
ples were transferred onto the C18-nanocapillary HPLC column (C18
Acclaim PepMap100, 75 "m I.D. # 15 cm, 3 "m particle size, 100 Å
pore size; Dionex) and eluted at a flow rate of 300 nL/min using the
following gradient: 2–40% solvent B in A (from 0 to 35 min), 40–80%
solvent B in A (from 35 to 45 min) and at 80% solvent B in A (from 45
to 55 min), with a total run time of 95 min (including mobile phase
equilibration). In some experiments, another gradient was applied:
2–30% solvent B in A (from 0 to 30 min), 30–80% solvent B in A (from
30 to 35 min) and at 80% solvent B in A (from 35 to 39 min), with a
total runtime of 60 min (including mobile phase equilibration). Mass
spectra (ESI-MS) and tandem mass spectra (ESI-MS/MS) were re-
corded in positive-ion mode with a resolution of 12,000–15,000 full-
width half-maximum. Data acquisition was performed with an ion
spray voltage of 2300 V, curtain gas of 20 psi, ion source gas of 17
psi, and an interface heater temperature of 100°C. A declustering
potential of 65 and focusing potential of 275. For collision induced
dissociation tandem mass spectrometry (CID-MS/MS), the mass win-
dow for precursor ion selection of the quadrupole mass analyzer was
set to % 1 m/z. The precursor ions were fragmented in a collision cell
using nitrogen as the collision gas. A CAD gas setting of 5 was
applied. Information dependent acquisition was used for MS/MS
collection, including QSTAR Elite (Analyst QS 2.0) specific features,
such as “Smart Collision” and “Smart Exit” (fragment intensity multi-
plier set to 6.0 or 8.0 and maximum accumulation time at 2 or 2.5 s)
to obtain MS/MS spectra for the four most abundant precursor ions
after each MS survey scan. For selected experiments, the Q2 trans-
mission windows were adjusted (supplemental Table S2) and the
software feature “use iTRAQ reagent” option was chosen to improve
detection of low mass immonium ion region and adjust collision
energy in the MS/MS spectra.

LC-MRM/MS—Samples were analyzed by nano-LC-MRM/MS on a
4000 QTRAP hybrid triple quadrupole/linear ion trap mass spectrom-
eter (AB SCIEX, Concord, Canada). Chromatography was performed
using a NanoLC-2D LC system (Eksigent, Dublin, CA) with aqueous
buffer A (0.1% formic acid) and buffer B (90% acetonitrile in 0.1%
formic acid). Digestion mixtures were loaded at 20 "l/min (0.1%
formic acid) onto a 5 mm # 300 "m reversed phase C18 trap column

(5 "m, 100Å) (Dionex, Sunnyvale, CA) and eluted at 300 nL/min with
a gradient of 2–70% B over 32 min using with a 75 "m inner diameter
Integrafrit analytical column (New Objective, Woburn, MA) packed
in-house with 10–12 cm of ReproSil-Pur C18-AQ 3 "m reversed
phase resin (Dr. Maisch GmbH, Germany). Peptides were ionized
using a PicoTip emitter (75 "m, 15 "m tip; New Objective). Data
acquisition was performed using Analyst 1.5 (ABSciex) with an ion
spray voltage of 2450 V, curtain gas of 10 psi, nebulizer gas of 20 psi,
and an interface heater temperature of 150°C. The transitions, dwell
times, and collision energies are listed in supplemental Table S3. A
declustering potential of 70 was used for all transitions. MRM transi-
tions were monitored and acquired at unit resolution both in the first
and third quadrupoles (Q1 and Q3). MultiQuant version 1.1 (ABSciex)
was used to process all MRM data. Each transition was individually
integrated to generate peak areas. If a peak was not detected, the
level of background was integrated. To quantify acetylated Lys-178
by MRM a custom stable isotope labeled peptide was synthesized,
EIKKacNGAP*R in which the proline (P*) was labeled with five 13C and
one 15N (Anaspec) and was used as an internal standard.

Database Searches—Mass spectrometric data were analyzed with
an in-house licensed bioinformatics database search engine system
Mascot version 2.2.04 (Matrix Sciences, London, UK) (71). Peaklists
for the QSTAR Elite LC-MS/MS data sets were generated using the
Mascot.dll script version 1.6b19 for Analyst QS 2.0 (parameters used:
remove peaks with intensity less than 0.1% of the highest peak;
centroid all MS/MS data, merge distance 0.02). Files were submitted
to the Mascot search engine using Mascot Daemon version 2.2.2.
Mascot uses a probability based “Mowse Score” to evaluate data
obtained from tandem mass spectra. The following search parame-
ters were used: enzyme specificity was defined as trypsin with two
possible missed cleavages, carbamidomethyl (Cys) was chosen as
fixed modification, acetyl (Protein N-terminal), Gln-&pyro-Glu (N-ter-
minal Gln), and oxidation (Met) were chosen as variable modifications,
mass tolerance for precursor ions was 50 ppm, mass tolerance for
fragment ions was 0.4 Da. The publicly available SwissProt database
release version 56.2 (release 23-Sep-2008) was searched for most
data obtained from human samples with species restriction “human”
(20407 sequences); Ions scores are [-10*Log(P)], where P is the
probability that the observed match is a random event. For human
Mascot database searches, a cut-off expectation value of 0.02 (sig-
nificance threshold) was chosen for individual MS/MS spectra, which
resulted in a false discovery rate of 3.09% (automatic decoy database
search) (supplemental Table S4). For acetyllysine identification, all
data sets were also searched using the Mascot in-house search
engine against a custom database representing Htt protein spanning
residues 1–612 fused to an N-terminal myc tag peptide. The following
search parameters were used: enzyme specificity was defined as
trypsin, Asp-N, chymotrypsin with three possible missed cleavages
(supplemental Table S5), respectively, carbamidomethyl (Cys) was
chosen as fixed modification, acetyl (Lys), acetyl (Protein N-terminal),
Gln-&pyro-Glu (N-terminal Gln), and oxidation (Met) were chosen as
variable modifications, mass tolerance for precursor ions was 0.4 Da,
mass tolerance for fragment ions was 0.4 Da.

RESULTS

Immunoprecipitation of Htt—To purify Htt for MS analysis,
myc-Htt23Q (1–612) and myc-Htt148Q (1–612) was overex-
pressed in 293T cells and immunoprecipitated in the presence
of HDAC inhibitors. As shown in Fig. 1A, Western blot analysis
of lysates (input before incubation with immobilized anti-c-
Myc antibody) and flow through (supernatant after incubation
with immobilized anti-c-Myc antibody) demonstrate depletion
of Htt with c-Myc beads. Complete depletion of Htt from the
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cell lysates was not observed because of the fact that the
c-myc tag of Htt became acetylated under these conditions.
c-Myc-tagged Htt in the lysates bound to the immobilized
anti-c-Myc antibody. As shown in Fig. 1B, Western blot anal-
ysis demonstrates that Htt23Q (1–612) and Htt148Q (1–612)
elutes after immunoprecipitation from 293T cells. The eluted
proteins were dialyzed and precipitated to remove excess c-
Myc peptide and salt. The resulting proteins were separated by
one-dimensional SDS-PAGE and visualized with Sypro Ruby
protein gel stain (Fig. 1C). Although some co-immunoprecipi-
tated proteins have similar molecular weight as Htt, their pres-
ence did not interfere with mass spectrometry analysis.

Identification of Htt by Mass Spectrometry—The gel band
containing Htt23Q (1–612) was excised and digested with
trypsin, Asp-N, and chymotrypsin, respectively. The resulting
peptides were separated and analyzed by nano-HPLC (re-
versed-phase C18 chromatography) coupled to a hybrid
quadrupole time-of-flight mass spectrometer (QSTAR Elite).
Peptide sequence information was provided by CID.

supplemental Table S5 shows a list of all Htt peptides se-
quenced by nano-HPLC-ESI-MS/MS.

Acetylated Lysines Identified by Nano-HPLC-ESI-MS/MS—
The ESI-MS/MS data were searched against a customized Htt
(1–612) database by Mascot to identify lysine acetylation
sites. Rigorous criteria were used to identify acetyllysine con-
taining peptides to avoid false positive assignments. This
became relevant after Stevens et al. (72) described reports of
other groups that incorrectly assigned post-translationally
modified peptides. Our criteria for identifying acetyl lysine
modifications consisted of the following: (1) pairs of unmodi-
fied peptides and acetyllysine peptides were observed that
showed similar ion series, except in a few cases where the
unmodified peptides was not observed because of further
cleavage at the unmodified lysine by trypsin; (2) peptides
containing acetyllysine showed a increased retention time
shift of 2–4 min relative to the unmodified peptide because
acetylated peptides are more hydrophobic and elute later
(Table I); (3) mass accuracy of the molecular ion was '50 ppm

FIG. 1. Immunoprecipitation and Western blot analysis of Htt. Myc-tagged Htt (1–612) constructs (23Q and 148Q) were expressed in 293T
cells. A, Lysate input and flow-through (FT) during the immunoprecipitation procedure and (B) Immunoprecipitated Htt were probed with
monoclonal N-terminal Htt antibody 2166. C, Immunoprecipitation and 1D SDS-PAGE of expressed Htt stained with Sypro Ruby. Myc-tagged
Htt23Q (1–612) expressed in 293T cells was immunoprecipitated from cellular lysates using the Pierce Profound Mammalian C-myc tag
IP/Co-IP kit. Samples were separated by one-dimensional SDS-PAGE on 4–12% Bis-Tris gels. Gels were stained with fluorescent SyproRuby
protein gel stain (Invitrogen).

TABLE I
Summary of acetyllysine and corresponding unmodified peptides in Htt23Q (1–612) identified by HPLC-ESI-MS/MS

Peptide sequencea Acetyl- m/z M M (M (M Mascot Expect Retention Enzymec

Lys sites (obs) (obs) (calc) (Da) (ppm) scoreb valuesb time(min)

E5KLMKAcAF11 Lys-9 454.74 907.47 907.48 )0.01 )11 27 0.002148 28.04 chym
E5KLMoxKAcAF11 Lys-9 462.73 923.45 923.48 )0.03 )32 33 0.00047 27.06 chym
E175IKKAcNGAPR183 Lys-178 352.2 1053.58 1053.59 )0.01 )9 34 0.00041 27.15 trypsin
A231AAVPKAcIMox238 Lys-236 429.74 857.46 857.47 )0.01 )12 47 2.02E-05 23.09 chym
A231AAVPKIMox238 - 408.72 815.43 815.46 )0.03 )37 46 2.43E-05 21.1 chym
D333TSLKGSFGVTRKAcEM347 Lys-345 566.61 1696.8 1696.85 )0.05 )29 75 3.16E-08 25.68 Asp-N
D333TSLKGSFGVTRKAcEMox347 Lys-345 571.94 1712.79 1712.84 )0.05 )29 67 1.98E-07 23.4 Asp-N
D333TSLKGSFGVTRKEMox347 - 557.94 1670.81 1670.83 )0.03 )18 31 0.0008 20.5 Asp-N
S438RKQKGKAcV445 Lys-444 486.8 971.58 971.59 )0.01 )10 31 0.00073 16.99 chym
S438RKQKGKV445 - 465.79 929.57 929.58 )0.01 )11 42 5.93E-05 15.08 chym

a KAc: acetylated lysine residue.
b Mascot 2.2.04 search engine result score searching against a custom database representing huntingtin spanning residues

1–612 fused to an N-terminal myc tag peptide stretch.
c chym: chymotrypsin; Asp-N: Endopeptidase Asp-N.
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for both the unmodified and acetyl lysine modified peptide; (4)
MS/MS fragmentation spectra of the acetyl lysine containing
peptides required the presence of y- or b- fragments that
flanked the acetyl lysine residue (for more details see be-
low), and finally; (5) peptides containing acetyllysine must
show an acetyllysine immonium ions (m/z 126.1 and/or
143.1). These criteria ensure the accuracy of acetyllysine
peptide identifications.

As shown in Table I, we identified three novel sites of lysine
acetylation (Lys-178, Lys-236, and Lys-345) and two previ-
ously published sites (Lys-9 and Lys-444) (73, 74) in human
Htt (1–612) from their MS/MS spectra. We found that only five

of the 27 possible lysine sites in Htt23Q (1–612) were de-
tected as acetylated in the MS/MS spectra of the Htt peptides
supplemental Fig. S1. Fig. 2 illustrates the identification of the
three novel lysine acetylation sites in Htt from ESI-MS/MS
data. The tandem mass spectrum of acetylated lysine con-
taining peptide DTSLKGSFGVTRKAcEM (residues 333–347)
generated from chymotrypsin AspN digestion of Htt23Q (1–
612) is shown in Fig. 2A. A comprehensive b-ion series and
several y-ions that also flanked the acetyllysine site confirmed
the presence of an acetyl group at Lys-345 as did the diag-
nostic acetyllysine immonium ion at m/z 126.1. In addition, the
corresponding unmodified peptide DTSLKGSFGVTRKEM

FIG. 2. Three novel Htt acetylation
sites identified by mass spectrometry.
A, ESI-MS/MS tandem mass spectra of
Lys-acetylated peptide DTSLKGSF-
GVTRKAcEM (residues 333–347) ob-
tained after Asp-N digestion of immuno-
precipitated Htt23Q (1–612) with high (A)
and low (B) collision energy. The molec-
ular ion [M!3H]3! at m/z 566.61 (M *
1696.80) was selected for CID. B, ESI-
MS/MS tandem mass spectra of Lys-
acetylated peptide EIKKAcNGAPR (resi-
due 175–183) obtained after trypsin
digestion of immunoprecipitated Htt23Q
(1–612). The molecular ion [M!3H]3! at
m/z 352.21 (M * 1053.60) was selected
for CID. C, ESI-MS/MS tandem mass
spectra of Lys-acetylated peptide
AAAVPKAcIM (residues 231–238) ob-
tained after chymotrypsin digestion of
immunoprecipitated Htt23Q (1–612).
The molecular ion [M!2H]2! at m/z
429.73 (M * 857.44) was selected for
CID. K*: In all three spectra, is the diag-
nostic immonium for acetyllysine at m/z
126.1.
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was also observed (as listed in supplemental Table S5). The
pair was chromatographically separated by nearly 3 min,
the hydrophobic acetylated peptide eluted at 23.40 min and
the unmodified peptide at 20.67 min.

The tandem mass spectrum of acetyl lysine peptide
EIKKAcNGAPR (residue 175–183) generated from trypsin di-
gestion of Htt23Q (1–612) is shown in Fig. 2B. The b-ion
series and an almost complete y-ion series that flanked the
acetyl lysine site was consistent with the presence of acetyl
group at Lys-178. As before, the acetyl lysine immonium ion
at m/z 126.1 was detected as well. However, the correspond-
ing unmodified peptide was not observed likely because of
further cleavage of one of the two internal lysine residues.

Fig. 2C shows the ESI-MS/MS tandem mass spectra of
lysine-acetylated peptide AAAVPKAcIM (residue 231–238)
generated after chymotrypsin digestion. As in the two previ-
ous examples, several y-ions flanked the acetyl lysine site at
Lys-236 and an acetyl lysine immonium ion at m/z 126.1 was
detected. In addition, the corresponding unmodified peptide

AAAVPKAcIM (residue 231–238) was detected in the experi-
ment (as listed in supplemental Table S5) and also separated
by nearly 3 min, with the more hydrophobic acetylated pep-
tide eluting at 24.3 min and the unmodified peptide at 21.1
min.

Two other previously reported lysine acetylation sites,
Lys-9 and Lys-444 (73, 74), were also identified using the
same approach as described above (73, 74). The tandem
mass spectrum of the corresponding acetyl lysine peptides
encompassing these two known sites are provided in Fig. 3A
and supplemental Fig. S2. Both b- and y-ion series flanked
the acetyl lysine at Lys-9 in the chymotryptic peptide
EKLMKAcAF (residues 5–11). The aceyllysine-specific immo-
nium ions at m/z 126.1 and 143.1 also provide additional
confidence for this assignment. The fragment ion series of b-
and y-ions not only provides sequence information on the
peptide, but also indicates the site of lysine acetylation at
Lys-9 by mass shifts of an additional 42 Da for the y3 (m/z
407.2) and y5 (m/z 651.4) fragment ions. The fact that there is

FIG. 3. ESI-MS/MS tandem mass
spectra of the acetylated lysine pep-
tide EKLMKAcAF (residue 5–11) ob-
tained after Asp-N digestion of immu-
noprecipitated Htt23Q (1–612). A, The
molecular ion [M!2H]2! at m/z 454.74
(M * 907.47 Da) was selected for CID.
K* refers to the two immonium ions for
acetyllysine at m/z 126.1 and 143 under
Q2 transmission setting 1 described in
supplemental Table S2. B, The molecu-
lar ion [M!2H]2! at m/z 454.74 (M *
907.47 Da) was selected for CID. K* re-
fers to the two immonium ions for acetyl-
lysine at m/z 126.1 and 143 under Q2
transmission setting 2 described in
supplemental Table S2.
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no !42 Da mass shift for the b2-b4 fragments ions eliminates
the possibility of acetylation at Lys-6. Last, manipulating Q2
transmission parameters when acquiring tandem mass spec-
tra had a predictable effect on spectra quality and overall
confidence in both identification of the lysine acetyl group as
a PTM and the specific site of lysine acetylation.

Fig. 3 also shows the MS/MS spectra of the same peptide
EKLMKAcAF obtained with the mass spectrometric Q2 trans-
mission set to enhance low mass ions (Fig. 3A) in comparison
to the Q2 transmission set to focus on medium and high mass
fragment ions (Fig. 3B). Details for the Q2 transmission win-
dow settings can be found in supplemental Table S2. The
peptide follows similar fragmentation patterns under both
conditions. However, as shown in Fig. 3B, the most intense
ions are b- and y-ion series in the medium to high mass range
(above m/z 400). With the Q2 transmission parameter setting
adjusted to favor the low mass ion region, more and higher
abundance peaks were observed in the mass range below
m/z 300 (Fig. 3A) which enhances the appearance of highly
selective acetyl lysine immonium ions at m/z 126.1 and 143.1.
Under these altered transmission conditions, some MS/MS
spectra of acetyl lysine containing peptides contain immo-
nium ions that are among the most intense peaks in the
spectra, whereas few b- and y-ions were observed (data not
shown).

Acetylation Antibodies to Lys-236, Lys-345 and Lys-444
Confirm Site of Acetylation—Our experiments allowed new
modifications to be uncovered in Htt. To confirm the three
novel acetyl lysine sites identified in our MS studies of Htt,
site-specific polyclonal anti-acetyl lysine antibodies were gen-
erated to four (Lys-178, Lys-236, Lys-345, and Lys-444) of the
identified Htt acetylation sites. The sera from rabbits to acetyl
lysine antibody to the Htt Lys-178 site were of low titer.
Western blot analysis for acetylation of Htt revealed that both
wild-type and mutant Htt were acetylated at Lys-236, Lys-
345, and Lys-444 (Fig. 4). As previously reported we found
that mutant Htt has higher levels of acetylation at Lys-444
when compared with wild-type Htt (73). Interestingly, we ob-
served that the level of acetylation of Htt varied in the wild-
type and mutant Htt. Generally, the levels of aceylation appear
to be higher in Htt138Q (1–1212) at Lys-236, Lys-345 and
Lys-444 when compared with Htt15Q (1–1212). We used
these constructs because they do not contain an artificial tag
in the Htt protein. The production of acetyl lysine to Lys-9 was
not pursued because this has been previously published (75).

Comparison of Lysine Acetylation Levels at Lys-178 in
Htt23Q to Htt148Q—To study the progressive lysine acetyla-
tion in Htt, a mass spectrometry-based semiquantitative
method was employed using peak area to evaluate the rela-
tive abundance of Lys-178 acetylation in wild-type and mu-
tant Htt. We focused on this particular acetylation site for
several reasons: (1) it is near the polyglutamine stretch and an
identified protease cleavage site (near the polyglutamine
stretch and a76, 77); (2) antibodies were not successfully

generated to this site to allow quantification; and (3) to estab-
lish mass spectrometry methods to monitor changes in acety-
lation quantitatively. For this analysis, Htt23Q (1–612) and Htt
148Q (1–612) were immunoprecipitated from 293T cells and
the gel bands containing Htt were excised and digested with
trypsin. It is important to point out that we are measuring the
soluble Htt23Q and Htt148Q forms as this material migrated
into the SDS-gel. Therefore our analysis reflects only the
levels of acetylation in soluble Htt at Lys-178. The heavy
labeled synthetic peptide containing Lys-178 was spiked in
(100 fmol) and the samples were analyzed in MRM mode
using a 4000 QTRAP mass spectrometer. The MRM transi-
tions (supplemental Table S3) were derived from MS/MS data
obtained as described above by ESI-MS/MS using the
QqTOF platform.

For this targeted lysine-containing tryptic peptide
175EIKKAcNGAP183R, lack of acetylation causes further cleav-
age by trypsin and generates shorter peptides than the acety-
lated peptide and, therefore, were not observed. In this case,
MRM transitions to six nonmodified peptides throughout the
Htt sequence were used to normalize for quantitation
supplemental Fig. S5. A heavy isotope-labeled synthetic pep-
tide corresponding to the targeted acetyl lysine-containing
peptide was employed to validate the method. When spiked

FIG. 4. Western blot analysis of Htt with anti-acetyllysine anti-
bodies. Htt15Q and Htt138Q (1–1212) were expressed in 293T cells
and lysates were probed with anti-acetyllysine-236, 345, 444 poly-
clonal antibodies and N-terminal Htt antibody 2166.
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in the digested Htt samples, the synthetic peptide
EIKKAcNGAP*R (where P* is 13C5

15N1-proline) elutes at
the same retention time as the endogenous peptide
175EIKKAcNGAP183R. (supplemental Fig. S3). Moreover, the
MS/MS spectrum of peptide 175EIKKAcNGAP183R obtained
by the QqTOF mass spectrometer and the hybrid triple qua-

drupole/linear ion trap mass spectrometer (4000 QTRAP)
show very similar fragmentation patterns (supple-
mental Fig. S4). A preparation of six biological replicates were
purified for both Htt23Q (1–612) and Htt148Q (1–612), and
these were analyzed using the semiquantitative LC-MRM-
MS assay described above, targeting specifically the

FIG. 5. Representative MRM extracted ion chromatograms (XIC) for wild type (Htt23Q) and mutant (Htt148Q) peptide. A, MRM
extracted ion chromatograms (XIC) for wild type (Htt23Q) and mutant (Htt148Q) peptide 175EIKKAcNGAP183R containing Lys-178 for each
transition. Three transitions were selected for our analysis as depicted by the three panels. This was used in our quantitative analysis of the
ratio of Htt23Q to Htt148Q. B, MRM extracted ion chromatograms (XIC) for wild-type (Htt23Q) and mutant (Htt148Q) peptide
175EIKKAcNGAP183R containing Lys-178 for each transition in the presence of HDAC inhibitors.

TABLE II
Comparison of acetylated lysine levels at Lys-178 in Htt23Q (1–612) and Htt148Q (1–612) using MRM-MS quantitation

Biological replicates
Peak areaa Htt 23Q/148Q ratio

23Q 148Q Fold change of acetyl K178 Total Httb Normalized fold change of acetyl K178c,e

1 182527 62700 2.9 0.89 3.3
2 166802 51498 3.2 0.89 3.6
3 114802 32163 3.6 0.97 3.7
4 79483 27854 2.9 0.96 3.0
5 384157 235079 1.6 0.65 2.5
6 665288 51899 12.8 0.99 12.9

4.8 % 4.0d Average % standard deviation
a Extracted ion chromatogram peak area of MRM transition 352.2(Q1)/272.2(Q3) for the acetyl peptide 175EIKKAcNGAP183R.
b The relative Htt levels were obtained from non-K178-containing peptides. More detail is displayed in supplemental methods.
c The fold change in 23Q/148Q fold normalized of total Htt.
d Using Wilcoxon signed rank test with a two-tailed test to evaluated statistical significance we found a p* ' 0.03 for Htt23Q compared to

Htt148Q.
e Normalization is described in detail in the supplemental materials.
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175EIKKAcNGAP183R. Lys-178 acetylation levels from Htt23Q
and Htt148Q and comparison after normalization to overall
Htt protein abundance as shown in Table II.

In Fig. 5A, the representative extracted ion chromatograms
(XIC) of the purified Htt23Q (1–612) and Htt148Q (1–612) are
shown for three MRM transitions. Using MRM analysis, the
level of acetylated lysine at Lys-178 in Htt23Q (1–612) is
4.83-fold higher than in the Htt148Q protein (Table II). Using
the Wilcoxon signed rank test with a two-tailed test to evalu-

ated statistical significance we found a p* ' 0.03. We con-
clude the increase in acetylated Lys-178 in the wild-type Htt is
statistically significant when compared with the disease form
of Htt. Consistent with our hypothesis that HDAC inhibition
may act through modification of Htt, we found that the levels
of Htt acetylation increased when HEK293 were cultured in
the presence of HDAC inhibitors (trichostatin A, sodium bu-
tyrate, nicotinamide) (Fig. 5B). During this treatment the level
of acetylation of Htt23Q when compared with Htt148Q was

FIG. 6. Summary scheme of Htt PTMs. A, Schematic of Htt structure with four HEAT repeat domains (HH) and caspase/calpain domain.
Red arrows indicate lysine acetylation sites identified by MS/MS in this study. B, N-terminal fragment of mutant Htt has enhanced toxicity.

TABLE III
Quantitation of acetylated lysine levels at Lys-178 in Htt23Q (1–612) and Htt148Q (1–612) in the presence of HDAC inhibitors

Biological replicates
Peak areaa Htt 23Q/148Q ratio

23Q 148Q Fold change of acetyl K178 Total Httbb Normalized fold change of acetyl K178c,e

1 393530 218286 1.8 1.3 1.4
2 164565 109927 1.5 1.3 1.1
3 306265 138232 2.2 1.5 1.5

1.3 % 0.18d Average % standard deviation
a Extracted ion chromatogram peak area of MRM transition 352.2(Q1)/272.2(Q3) for the acetyllysine peptide 175EIKKAcNGAP183R.
b The relative Htt levels were obtained from non-K178-containing peptides. More detail is displayed in supplemental methods.
c The fold change in 23Q/148Q fold normalized of total Htt.
d Using Wilcoxon signed rank test with a two-tailed test to evaluated statistical significance we found a p* ' 0.1443 for Htt23Q compared

to Htt148Q.
e Normalization is described in detail in the supplemental materials.
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normalized (Table III). Our results suggest HDAC treatment
corrects altered acetylation levels between normal and the
disease form of Htt.

DISCUSSION

As shown in Fig. 6, Htt is a very large protein with 3144
amino acids and the polyQ region is located at the N terminus.
Proteolysis, localization, and clearance events for Htt play a
key role in HD pathogenesis (10, 11, 20, 77). Htt is susceptible
to proteolytic cleavage at Asp-513 and -552 by caspase-3/7,
at Asp-586 by caspase-6 and at aspartic acid 552 by
caspase-2 (Fig. 6A). The resulting N-terminal fragments are
toxic (10, 78, 79). Htt is a substrate of calpains as well,
cleaving at threonine Thr-469 and Ser-536 (11, 80). In addi-
tion, aspartyl endopeptidases cleave Htt within the amino acid
region 104–114 (cpA) and 146–214 (cpB). The cpA fragments
form nuclear aggregates (76, 77). Because the N-terminal 612
amino acids contain many of the proteolytic cleavage sites
involved in the pathogenesis of HD (Fig. 6B summarizes the
cascade) and contains the pathogenic polyQ stretch, we fo-
cused our study on the N-terminus and generated a construct
containing the first 612 amino acids of Htt.

Acetylation has been recognized as a regulatory modifica-
tion analogous to phosphorylation (27). Therefore, modifica-
tion of mutant Htt acetylation is likely to control disease
progression and toxicity analogous to that found for phos-
phorylation. Recent studies reveal that certain HDAC inhibi-
tors have therapeutic results in HD transgenic mouse models
(49, 81). In those studies, researchers focused on histone and
attributed the neuroprotective effect to increased histone
acetylation and resulting increased gene transcription. How-
ever, HDACs and HDAC inhibitors not only act on histones,
but also on diverse range of proteins. Htt is one such
candidate.

As summarized, five lysine acetylation sites were identified
in our analysis. Among them, Lys-9 is in amino acids 1–17 of
Htt flanking the polyQ tract (See Fig. 6). The first 17 amino
acids of Htt modulate the cytoplasmic localization of Htt exon
1 protein (Httex1p), Htt aggregation and its effects on calcium
homeostasis (74). Thompson et al. found acetylation of Lys-9
was detected on exogenous IKK overexpression and was
regulated by phosphorylation of Ser-13 (82). Jeong et al.
demonstrate that increased acetylation at Lys-444 facilitates
trafficking of mutant Htt into autophagosomes and reduces
the toxicity of mutant Htt (73). Post-translational modifica-
tions, including acetylation, can also effect Htt’s interaction
with associated proteins. The other three novel Htt acetylly-
sine sites (Lys-178, Lys-236, Lys-345) identified in our study
reside either close to sites of proteolysis, protein interactions
domains, or in the lipid-binding domain of Htt (75, 83). There-
fore, they may have an impact on the cleavage of Htt or
association of Htt with lipids.

The Htt lysine acetylation sites in this study were identified
in cells expressing Htt23Q. A MRM-based quantitative study

was conducted comparing the acetylation of Lys-178 in the
wild type and mutant Htt. Our results indicate that wild-type
Htt tends to be more acetylated at Lys-178 than the disease
causing form of Htt. The site of acetylation is near the polyQ
tract. Jeong et al. (74) demonstrated for Lys-444 that the
acetylation levels are higher in mutant Htt when compared
with wild-type using Western blot analysis with an antibody
directed to the acetylated Lys-444 peptide. Our Western blot
probed with a custom antibody for acetylated Lys-444 show
similar trends for truncated mutant Htt proteins (Htt 1–612
and Htt 1–1212) consistent with this earlier study. The level of
acetylation in the wild-type versus mutant Htt was not re-
ported for the acetylation of Lys-9 (82). However, the Lys-9-
acetylation regulating Ser-13 phosphorylation is more effi-
cient for the wild type than for the expanded polyQ truncated
Htt protein. Considering the relative positions of Lys-9, Lys-
178, Lys-236, Lys-345, and Lys-444 to the N-terminus, and
the polyQ region, there seems to be a pattern showing more
wild-type Htt lysine acetylation at the N-terminal and/or close
to the polyQ region. On the other hand, there is also a trend
toward a higher level of lysine acetylation in mutant Htt at the
C-terminus and/or away from the polyQ region.

In conclusion, our study confirmed that Htt is a highly
acetylated protein and identified three novel acetylation sites.
Further, we found quantitatively that the level of acetylation of
mutant Htt was different than wild-type Htt. Consistent with
our hypothesis that HDAC inhibition can directly target the
disease protein, we found that HDAC inhibition corrected the
altered levels of acetylation of mutant Htt relative to wild-type
Htt. Given the increasing importance of acetylation in regu-
lating neurodegenerative diseases, the new acetylation sites
identified here will allow further functional exploration of the
role of these PTMs in Huntington’s disease.
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